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ABSTRACT
Urban runoff has degraded water quality by transporting harmful contaminants to receiv-
ing waters. Low Impact Development (LID) systems have emerged as a popular approach to
protect water quality, but are less effective for removal of polar trace organic contaminants
(TOrCs). Amendment of LID systems with biochar could enhance the sorptive removal of
TOrCs, but system lifetime may be limited if TOrCs leach from exhausted media. TOrC ac-
cumulation could potentially be prevented by stimulating biodegradation in biochar-amended
biofilters: these systems could contain an upper layer of vegetation and bioretention media
to stimulate biodegradation, and a lower layer of biochar-amended sand to enhance sorption.
The objective of this dissertation was to assess the effectiveness of biochar-amended
biofilters for removal of TOrCs from stormwater. Three research efforts were undertaken to
evaluate (Chapter 2) abiotic TOrC removal processes, (Chapter 3) biological TOrC removal
processes, and (Chapter 4) overall TOrC removal in vegetated biofilter columns under in-
termittent flow. Chapter 2 revealed that biochar-amended infiltration systems may retain
TOrCs by sorption for multiple years (indicated by conservative forward predictions from
a calibrated and verified transport model); but that additional biological removal processes
may be necessary to achieve a desired system lifetime of 10-15 years. Microcosm exper-
iments in Chapter 3 revealed that the presence of dissolved organic carbon (DOC) from
biodegradable carbon sources enhanced the TOrC-degrading activity of a representative
runoff microbial consortium. Further, greater TOrC removal was observed for biologically
active, biochar-amended columns than for biologically inhibited controls; indicating the po-
tential for biological processes to prevent TOrC accumulation in larger-scale systems. Fi-
nally, vegetated biofilter column experiments in Chapter 4 revealed improved TOrC removal
in biochar-amended columns relative to conventional configurations: remarkably, biochar-
amended biofilter columns maintained >99% TOrC removal throughout treatment of the
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equivalent of greater than a year’s worth of runoff volume. The results of this dissertation
motivate further efforts for long-term evaluation of larger-scale systems. These efforts may
lead to significant improvements in urban water quality; potentially by providing perfor-
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Urbanization has caused unprecedented stress on urban water supplies, and population
growth and climate change project increasing urgency if cities continue with business as usual
[Hering et al., 2013; Postel, 2015]. Urban stormwater has been a major contributor to this
stress: increased impervious coverage has led to reduced aquifer recharge, increased flooding,
and degradation of receiving water quality [National Research Council, 2009; Walsh et al.,
2005]. Moreover, stormwater management practices have historically prioritized flood control
over water quality, leading to contamination of receiving waters with organic contaminants,
nutrients, heavy metals, and pathogens [Göbel et al., 2007; Hatt et al., 2004]. These damages
have caused losses of essential ecosystem services from freshwater resources at a global scale,
placing even greater burden on cities seeking to address water scarcity challenges [Dodds
et al., 2013; Grimm et al., 2008]. Therefore, a paradigm shift to recognize stormwater as a
resource rather than a waste product will be essential to more sustainable management of
urban water resources [Grebel et al., 2013; Wong & Brown, 2009].
Low impact development (LID) has become increasingly popular for urban stormwater
management. These distributed stormwater treatment technologies aim to prevent flood-
ing by maintaining landscape permeability, while facilitating increased aquifer recharge and
contaminant removal [Dietz, 2007]. LID systems are especially attractive from a broader
perspective because they enhance access to urban green space and provide cultural and
public health benefits [Young, 2010], which are often disproportionately less accessible to
economically disadvantaged communities [Wendel et al., 2011]. However, conflicts between
distributed management and centralized governance have prevented the broad application of
LID systems [Dhakal & Chevalier, 2016], while uncertainties in system performance and cost
have hampered efforts to improve governance structures [Roy et al., 2008]. Therefore, an
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improved understanding of the performance of LID systems could provide valuable informa-
tion for stormwater practitioners and policy makers, potentially enabling their wide-spread
adaption for improved water quality.
Stormwater biofilters are a common LID technology [Davis et al., 2009]: in these systems,
stormwater is collected in a depressed planted area, where the native soil is replaced by
bioretention media (i.e., sand and compost) to facilitate rapid infiltration. Biofilters have
proven effective for removal of suspended sediments [Bratieres et al., 2008; Trowsdale &
Simcock, 2011] and particle-associated contaminants such as polyaromatic hydrocarbons
[Diblasi et al., 2009], petroleum hydrocarbons [Hsieh & Davis, 2006], and heavy metals [Davis
et al., 2003; Hatt et al., 2007]. However, these systems have fallen short for removal of some
trace organic contaminants (TOrCs), such as polar (i.e., those exhibiting low octanol-water
partition coefficients; Kow) urban biocides [Zhang et al., 2014]. These contaminants are of
emerging significance to stormwater treatment: while TOrCs are not yet regulated under
the National Pollutant Discharge Elimination System (NPDES), urban streams are widely
contaminated with urban-use pesticides [USGS, 2008], which has led to the degradation of
stream ecosystems [Carpenter et al., 2016; Weston et al., 2009]. Some examples of polar
TOrCs that are both widely present in urban runoff and highly toxic to aquatic organisms
are shown in Table 1.1.
Development of cost-effective approaches to improve TOrC removal in biofilters could
significantly improve urban water quality. Amendment of biofilters with black carbon (BC)
sorbents is a promising means of improving biofilter performance. For example, activated
carbon (AC, an engineered sorbent produced by activation of coal or carbonized coconut
shells) is commonly applied for TOrC removal in drinking water treatment [Snyder et al.,
2007]. However, with costs exceeding ✩1500/ton [United States Environmental Protection
Agency Office of Water, 2014], the large quantities of AC required (e.g., nearly 12 tons to
amend a 100 m2 basin at 30 vol%) may make its application in distributed treatment systems
cost-prohibitive. Biochar could potentially provide a cost-effective alternative to AC, as it
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Table 1.1 Examples of polar trace organic contaminants (TOrCs), concentrations previously
reported for urban runoff, and their octanol-water partition coefficients (LogKow). Amended












































aBucheli et al. [1998], bCaltrans [2003], cPitt et al. [2004], dRegnery & Püttmann [2010]
eGan et al. [2012], fKing & Balogh [2010], gStachel et al. [2010]
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can be produced by carbonization of waste biomass at much lower costs of around ✩250/ton
[Ahmad et al., 2014]. In addition to being more economical, biochar has also shown promise
for removal of other common stormwater contaminants, including heavy metals [Beesley
et al., 2010], nutrients (nitrate in particular) [Bock et al., 2015; Reddy et al., 2014], and
bacteria [Mohanty et al., 2014]. Further yet, biochar also has additional environmental
sustainability benefits: production of biochar from biomass fixes carbon (puts it into a
recalcitrant form) that would have otherwise decayed to carbon dioxide and entered the
atmosphere [Lehmann & Joseph, 2009], and also produces renewable energy in the form of
syngas and bio oil.
While these potential water quality and environmental sustainability benefits make biochar-
amended biofilters especially promising for stormwater treatment, several technical uncer-
tainties must be addressed prior to full-scale application of these systems. In light of the wide
variability of feedstocks and processes used for production of biochar, its physical character-
istics are much less consistent than those of AC, and can even vary on a batch-to-batch basis
[Schimmelpfennig & Glaser, 2012]. TOrC sorption performance is also difficult to predict
based on readily measurable physical properties [Lattao et al., 2014], making it essential that
the effectiveness of a particular biochar is confirmed prior to use. Further, media replacement
may be necessary if TOrCs accumulate and subsequently leach from biochar. Organic car-
bon amendments may prolong media lifetime by stimulating biological TOrC removal (i.e.,
biodegradation [Lefevre et al., 2012b]), though potentially at the cost of fouling by dissolved
organic carbon (DOC) and reduced TOrC sorption [Pignatello et al., 2006]. Finally, the
operating conditions necessary for flood prevention in distributed treatment systems (i.e.,
intermittent flow, high infiltration rates) impose further limitations to contaminant removal,
including channeling and low residence times.
The objective of this dissertation was to assess the effectiveness of biochar-amended
biofilters for removal of TOrCs from stormwater. Research efforts sought to gain a better
understanding of relevant TOrC removal processes, and to validate TOrC removal perfor-
4
mance under realistic operating conditions. This was accomplished through three studies
evaluating relevant abiotic TOrC removal processes (Chapter 2), relevant biological TOrC
removal processes (Chapter 3), and overall TOrC removal by feasibly configured systems
under intermittent flow conditions (Chapter 4). Relevant technical background information
is presented for these topics in the following section.
1.1 Technical Background
This section presents a literature review of (1) abiotic TOrC removal processes in presence
of biochar (i.e., TOrC sorption capacity and kinetics, sorption-retarded TOrC transport in
porous media), (2) biological TOrC removal processes in presence of biochar and biodegrad-
able organic carbon sources (i.e., TOrC biodegradation, and the effects of carbon sources
on the TOrC-degrading activity of microbial communities), and (3) the effects of realistic
treatment configurations and operating conditions (i.e., vegetation and intermittent flow) on
overall TOrC removal.
1.1.1 Abiotic TOrC Removal Processes
Sorption of TOrCs to biochar has been widely evaluated in clean matrices (i.e., water
without DOC), with most efforts focused on determining sorption mechanisms for hydropho-
bic organic contaminants [Chen et al., 2012; Kupryianchyk et al., 2016; Zhu et al., 2005]. In
general, these studies have found that sorption capacity and isotherm nonlinearity increase
with microporosity and surface area (SA), which in turn increase with production tempera-
ture [Lattao et al., 2014; Zhu et al., 2005]. Existing literature evaluating polar TOrCs show
that these compounds are also strongly sorbed, including the pesticides atrazine [Cao et al.,
2009; Cornelissen et al., 2005a; Zhang et al., 2013] and diuron [Cederlund et al., 2016; Cor-
nelissen et al., 2005a]. DOC limits TOrC sorption by pore-blockage [Pignatello et al., 2006],
which is largely dependent on pore size distribution [Ding et al., 2008; Kasozi et al., 2010;
Pelekani & Snoeyink, 1999]. While there has been some effort to evaluate TOrC sorption
in representative stormwater matrices that contain DOC [Shimabuku et al., 2016], further
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research is necessary in this area.
There have been few efforts to evaluate the effects of biochar on TOrC transport in
porous media. Existing literature is primarily focused on hydrophobic organic contami-
nants [Gidley et al., 2012; Reddy et al., 2014; Werner et al., 2012a]. These studies have
shown that kinetic transport effects become more apparent under high-flow conditions due
to slow intraparticle sorption kinetics [Ball & Roberts, 1991; Werner et al., 2006]. As dis-
tributed stormwater treatment systems require high infiltration rates to prevent flooding,
simple transport models that assume local sorption equilibrium will likely be ineffective for
this application. Forward-prediction transport models that can mechanistically account for
kinetic sorption processes are especially attractive. In particular, if transport models can be
calibrated using only simple batch experiments, they could be broadly applied to systems
with diverse configurations and operating conditions [Werner et al., 2012a]. Therefore, verifi-
cation of a forward-prediction model for transport of TOrCs in biochar-amended infiltration
media could provide a valuable tool to practitioners, potentially enabling the prediction of
TOrC retention times and hence media lifetimes for infiltration systems.
1.1.2 Biological TOrC Removal Processes
Biological activity stimulates biodegradation of total petroleum hydrocarbons in conven-
tional biofilters [Lefevre et al., 2012c]. However, it is unclear if significant biodegradation
of more polar (hence more mobile) TOrCs would be obtainable: many TOrCs biodegrade
slowly (half lives on the order of days to months, Table 1.2), while drainage times of less than
24 hours are often required for infiltration systems [UDFCD, 2010]. Further, additional con-
cerns arise if TOrCs are only partially degraded, particularly if the generated transformation
products (TPs) are more toxic and/or mobile than the parent product (e.g., fipronil and di-
uron TPs, Table 1.2). Biochar could potentially facilitate improved TOrC biodegradation in
this respect: TOrCs may be initially retained by sorption during an infiltration event, then
slowly become desorbed and biodegraded during stagnant periods. This could be especially
beneficial for treatment of higher concentrations of contaminants in runoff during ’first flush’
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rain events [Bertrand-Krajewski et al., 1998]. Though sorption is widely thought to decrease
contaminant bioavailabilty (and in turn the potential for biodegradation), it would be espe-
cially beneficial if TOrCs could be biodegraded whilst being sorbed to biochar. Degradation
of TOrCs in the sorbed phase could potentially allow time for significant biodegradation of
TOrCs with half lives on the order of months, despite hydraulic retention times being only on
the order of hours. Recent studies have suggested that wood-derived biochars may indeed be
an exception to this present paradigm of the counteracting effects of sorption and biodegra-
dation [Tong et al., 2014]. These effects are likely due to biochar’s unique electron-transfer
properties [Klupfel et al., 2014]; one study even found biochar to act as a microbial electron
donor and acceptor for the oxidation of acetate and the reduction of nitrate [Saquing et al.,
2016]. Therefore, additional research is necessary to assess the biodegradability of TOrCs in
the presence of biochar.
Biodegradable organic carbon amendments (e.g., compost, straw, and mulch) provide an
interesting design opportunity for biofilters. As these amendments enable the slow release
of essential growth substrates (i.e., DOC and dissolved nutrients such as nitrogen, N), ma-
nipulation of their composition may allow control over established microbial communities
and their TOrC biodegradation activity. For example, recent studies have shown potentially
manipulable properties of carbon sources (i.e., leached DOC composition, availability of am-
bient carbon and nitrogen) to be associated with enhanced biodiversity and TOrC-degrading
activity in microbial communities [Horemans et al., 2013; Johnson et al., 2014, 2015]. These
processes may be particularly relevant to biofilters, as more abundant DOC from carbon
sources may be preferentially utilized over contaminants that are present at trace levels
[Brückner & Titgemeyer, 2002]. For example, several studies have found highly biodegrad-
able carbon sources with high ratios of carbon to nitrogen (e.g., cellulose-rich straw) to
promote rapid microbial growth and utilization of TOrCs as N sources [Alvey & Crowley,
1995; Touratier et al., 1999]. However, these nutrient-limited growth conditions could po-
tentially allow fast-growing bacteria to deplete nutrients essential for survival, limiting their
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Table 1.2 Examples of reported degradation half lives (T1/2) in soil (aerobic) and water (at
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survival as well as that of other TOrC-degrading bacteria. Alternatively, more complex car-
bon sources (e.g., lignin-rich compost) may promote broader substrate utilization potential
[Schutter & Dick, 2001]. Further, carbon-limited growth conditions (i.e., low carbon to ni-
trogen ratios) may prevent nutrient depletion, potentially enabling longer term survival of
TOrC-degrading bacteria. Therefore, additional research on the TOrC-degrading activity
microbial consortia under environmentally relevant conditions is essential, as laboratory-
cultivated microbial cultures (often grown in presence of excess nutrients and simple carbon
substrates) will behave very differently from the consortia developed in actual biofilters.
1.1.3 Effects of Flow Conditions on TOrC Removal in Full-scale Systems
There have been few efforts to evaluate the removal of polar TOrCs in full-scale biofilters
under intermittent flow conditions, though the limited information available has suggested
that removal of these contaminants is variable at best. One study reported poor removal (20%
- 50%) of the polar TOrCs atrazine and simazine in a demonstration-scale biofilter [Zhang
et al., 2014], while another study reported highly variable fipronil removal in a bioswale [An-
derson et al., 2016]. Insight on TOrC removal performance under intermittent flow conditions
may be drawn from the broader body of literature evaluating more conventional contami-
nants. For example, prolonged dry periods may diminish biological activity [Hatt et al.,
2008], intermittent flow can cause remobilization of fine particles and particle-associated
contaminants [Blecken et al., 2009; Mohanty et al., 2013], and channeling and preferential
flow patterns reduce bed contact area and cause early contaminant breakthrough [Padilla
et al., 1999].
Vegetation is often added to biofilters to reduce clogging and improve contaminant re-
moval [Hatt et al., 2008], and deeply-rooted grasses have proven particularly effective for re-
moval of metals, nutrients, and petroleum hydrocarbons [Lefevre et al., 2012a; Payne et al.,
2014]. Enhanced biological activity in the root zone may contribute to this effect (i.e., the
rhizosphere effect) [Joner et al., 2001], in part due to enhanced contaminant desorption and
bioavailability in the presence of root exudates [Lefevre et al., 2013]. These processes may
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be especially relevant to layered, biochar-amended biofilters: TOrC desorption from biochar
in the root zone may allow enhanced TOrC biodegradation, while strong TOrC sorption
could be maintained below the root zone. Thus application of vegetated systems would be
especially beneficial, so long as fouling by DOC and biological material does not completely
overwhelm biochar’s TOrC sorption capacity.
1.2 Objectives and Hypotheses
This section summarizes the objectives for the three research efforts of this dissertation,
and the hypotheses tested to pursue these objectives. The first two objectives relate to gain-
ing an improved understanding of relevant abiotic and biological TOrC removal processes,
and the third objective relates to evaluating overall TOrC removal by feasible configurations.
1.2.1 Objective 1: Evaluation of Abiotic TOrC Removal Processes
The first research objective was to evaluate abiotic TOrC removal processes, with a
goal of predicting sorption-controlled TOrC retention times for a full-scale biochar-amended
infiltration system. To achieve this objective, the following hypothesis was tested:
Hypothesis 1: A transport model that accounts for kinetic sorption effects can be verified
for TOrC transport in biochar-amended infiltration media, and forward model simulations
will predict TOrC retention times on the order of years for full-scale biochar-amended infil-
tration systems. As kinetic sorption limitations due to slow intraparticle diffusion and high
flow rates may cause earlier TOrC breakthrough than predicted by equilibrium models, it
would be beneficial to verify a forward model that takes these processes into account. This
would enable the prediction of sorption-controlled retention times under operating conditions
and configurations that are feasible for full scale systems. These forward predictions could
bring to light if an adequate media lifetime (i.e., 10-15 years, as limited by accumulation
of non-degradable metals [Davis et al., 2003]) is obtainable with feasible system configu-
rations, or if fouling by DOC and kinetic sorption effects would cause unreasonably fast
breakthrough.
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This hypothesis was tested in a series of batch and column experiments. First, batch
screening experiments were conducted to identify biochars that obtain similarly strong TOrC
sorption to AC. Then, batch kinetic and isotherm experiments were conducted with these
biochars to calibrate a forward-prediction transport model, and this model was verified by
comparison of model predictions to results from column experiments. Finally, the calibrated
and verified model was used to make forward predictions of TOrC breakthrough times for a
full-scale biochar amended infiltration system.
1.2.2 Objective 2: Evaluation of Biological TOrC Removal Processes
The second research objective was to evaluate biological TOrC removal processes, with
the goal of identifying biodegradable organic carbon sources that enhance biological TOrC
removal in the presence of biochar. To achieve this objective, the following two hypotheses
were tested:
Hypothesis 2: Biodegradable organic carbon sources will stimulate microbial growth in
response to increased carbon availability, leading to enhanced TOrC-degrading activity of
representative microbial consortia. As previous studies have suggested that increased DOC
availability is associated with enhanced biodiversity and TOrC-degrading activity [Johnson
et al., 2014, 2015], it would be beneficial to replicate these effects in stormwater biofilters.
Moreover, carbon-limited growth conditions may be particularly effective for promoting and
maintaining TOrC-degrading activity: such conditions may prevent fast-growing bacteria
from out-competing other TOrC-degrading bacteria, and enable the long term survival of
communities by preventing nutrient depletion. This hypothesis was tested in microcosm
experiments, utilizing actual runoff to obtain a representative microbial consortium, and
DOC leached into runoff from different carbon sources to assess the effects of carbon source
composition. Further, next generation sequencing was carried out to determine if trends in
the TOrC-degrading activity of microcosms were due to underlying differences in microbial
community structure.
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Hypothesis 3: Biological processes will enhance TOrC removal in biochar-amended in-
filtration media, despite high flow rates and low residence times. As TOrC biodegradation
often occurs at much longer time scales than hydraulic retention times (i.e., reference in Ta-
ble 1.2 report biodegradation on the order of months, versus hydraulic retention times on the
order of hours), it would be beneficial if increased contaminant residence times in presence of
biochar could allow for enhanced biological removal (i.e., TOrC biodegradation). This would
indicate that full-scale systems could potentially maintain effective TOrC removal beyond
the sorption-controlled retention times predicted during the first study. This hypothesis
was explored in biologically active column experiments. A representative microbial consor-
tia from actual runoff was cultivated using DOC from difference carbon sources, and then
used to seed biofilms on columns containing sand and biochar. Biological effects on TOrC
transport were then assessed by comparison of results from biologically active columns to
those from biologically-inhibited controls. Columns were also flushed with TOrC-free water
to compare the overall recovery of TOrCs between columns, such that lower recoveries could
potentially indicate TOrC biodegradation.
1.2.3 Objective 3: Evaluation of TOrC Removal under Intermittent Flow
The third and final research objective of this dissertation was to evaluate overall TOrC
removal in feasibly configured systems operating under intermittent flow, with the goal of
validating the effectiveness of vegetated and layered biochar-amended biofilters for TOrC
removal under realistic operating conditions. To achieve this objective, the following hy-
pothesis was tested:
Hypothesis 4: Biochar-amended infiltration systems can achieve enhanced TOrC removal
relative to conventional systems, and will also show improved contaminant removal more
broadly. As previous efforts found poor TOrC removal in conventional biofilters [Zhang
et al., 2014], it would be interesting to evaluate the performance of biochar-amended systems
relative to performance benchmarks set by conventionally configured systems. Moreover,
as studies on full-scale systems are often limited by time and cost restraints, experiments
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with columns representing scaled-down versions of potential treatment configurations could
provide useful insight into long-term performance.
This hypothesis was tested in intermittent flow column experiments. The TOrC removal
performance of biochar-amended columns was compared to performance benchmarks set by
columns representing conventional configurations (sand filters and compost-amended, vege-
tated biofilters). Following a one month conditioning period, TOrC removal was evaluated
over five months of dosing with TOrC-spiked creek water, amounting to treatment of over a
year’s worth of equivalent runoff volume. Columns contained a biochar-amended layer with
a depth of only 10 cm (versus depths of up to 50 cm feasible for full-scale systems), such that
the absence of TOrC breakthrough within the experimental time frame could be indicative
of effective performance by full-scale systems for multiple years.
1.3 Dissertation Organization
This dissertation is organized into five chapters. This chapter (Chapter 1) has provided
an overview of literature on previous relevant studies and outlines the research hypotheses
and approaches for the material in the main body of the dissertation. The closing chapter
(Chapter 5) summarizes the conclusions drawn from the dissertation work, and recommends
directions for future efforts. The main body of the dissertation (Chapters 2 - 4) describes the
motivations, experimental approach, results, and conclusions from the three research efforts
undertaken to address each of the three research objectives. These chapters are modified
from manuscripts that have either been published, submitted for peer-review, or are in the
process of being prepared for submission. Relevant supporting information for each of these
chapters is provided in Appendices A - C. The following is a description of each of the
chapters in the main body of the dissertation:
❼ Chapter 2, ”Biochar and Activated Carbon for Enhanced Trace Organic Contaminant
Retention in Stormwater Infiltration Systems” by Bridget A. Ulrich (primary researcher
and author), Eugenia A. Im (former Master’s student at the Colorado School of Mines
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that provided significant laboratory assistance), David Werner (Lecturer at Newcastle
University in the United Kingdom that provided modeling and coding assistance), and
Christopher P. Higgins (Associate Professor at the Colorado School of Mines, principal
investigator and corresponding author), has been published in Environmental Science
and Technology [Ulrich et al., 2015]. This paper addresses Objective 1 and Hypothesis
1. Supporting information for this chapter in provided in Appendix A. Environmental
Science and Technology automatically grants copyright approval to all students to re-
purpose published manuscripts in their dissertations. Approval for republication of the
manuscript was confirmed from all co-authors.
❼ Chapter 3, ”Biodegradable Organic Carbon Amendments Enhance Attenuation of
Trace Organic Contaminants in Biochar-amended Stormwater Biofilters” by Bridget A.
Ulrich (primary researcher and author), Marta Vignola (PhD student at Newcastle Uni-
versity, provided assistance with microbiology laboratory work), Katelynn Edgehouse
(Bachelor’s student at Cleavland State University, provided significant laboratory as-
sistance during a summer research internship), David Werner (provided assistance in-
terpreting microbiology data), and Christopher P. Higgins (principal investigator and
corresponding author), has been submitted to Environmental Science and Technology
and was in review at the time this dissertaion was submitted. This paper addresses Ob-
jective 2 and Hypotheses 2 and 3. Supporting information for this chapter is provided
in Appendix B. Environmental Science and Technology automatically grants copyright
approval to all students to re-purpose submitted manuscripts in their dissertations,
providing that the dissertation is not published online prior to acceptance and publi-
cation of the manuscript. Approval for republication of the manuscript was confirmed
from all co-authors.
❼ Chapter 4, ”Biochar Amendment Improves Contaminant Removal in Vegetated Stormwa-
ter Biofilters” by Bridget A. Ulrich (primary researcher and author) and Christopher
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P. Higgins (principal investigator and corresponding author), is a manuscript being
prepared for submission to Environmental Science: Water Treatment and Technology.
This paper addresses Objective 3 and Hypothesis 4. Supporting information for this
chapter in provided in Appendix C. The copyright agreement with the Royal Society
of Chemistry (publisher for Environmental Science: Water Treatment and Technol-
ogy) grants authors the right to ”adapt the article and reproduce adaptations of the
article for any purpose other than the commercial exploitation of a work similar to




BIOCHAR AND ACTIVATED CARBON FOR ENHANCED TRACE ORGANIC
CONTAMINANT RETENTION IN STORMWATER INFILTRATION SYSTEMS
Modified from an article published in Environmental Science and Technology1
Bridget A. Ulrich,2,3 Eugenia A. Im,2 David Werner,4 and Christopher P. Higgins2,5
2.1 Abstract
To assess the effectiveness of biochar and activated carbon (AC) for enhanced trace
organic contaminant (TOrC) retention in stormwater infiltration systems, an approach com-
bining forward-prediction modelling and laboratory verification experiments was employed.
Batch and column tests were conducted using representative TOrCs and synthetic stormwa-
ter. Based on batch screening tests, two commercially available biochars (BN-biochar and
MCG-biochar) and an AC were investigated. The AC exhibited the strongest sorption,
followed by MCG-biochar and BN-biochar. Langmuir isotherms provided better fits to
equilibrium data than Freundlich isotherms. Due to superior sorption kinetics, 0.2 wt%
MCG-biochar in saturated sand columns retained TOrCs more effectively than 1.0 wt% BN-
biochar. A forward-prediction intraparticle diffusion model based on the Langmuir isotherm
adequately predicted column results when calibrated using only batch parameters, as in-
dicated by a Monte Carlo uncertainty analysis. Case study simulations estimated that an
infiltration basin amended with F300-AC or MCG-biochar could obtain sorption-retarded
breakthrough times for atrazine of 54 years or 5.8 years, respectively, at a 1 in/hr infiltra-
tion rate. These results indicate that biochars or ACs with superior sorption capacity and
1Reprinted with permission from J. Env. Sci. Technol., 49(10):6222-6230, 2015. Copyright 2015 American
Chemical Society
2Department of Civil and Environmental Engineering, Colorado School of Mines
3Primary researcher and author
4School of Civil Engineering and Geosciences, Newcastle University, UK
5Corresponding author
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kinetics can enhance TOrC retention in infiltration systems, and performance under various
conditions can be predicted using results from batch tests.
2.2 Introduction
Urbanization has degraded the quality and quantity of urban water resources, and in-
effective stormwater management has played a major role [Hering et al., 2013]. Flooding
and erosion have worsened as urban landscapes have become less permeable [Tsihrintzis &
Hamid, 1997]. Further, urban stormwater runoff has contaminated receiving waters [Ellis &
Hvitved-Jacobsen, 1996]. While occurrence and treatability of metals and nutrients has been
widely assessed [Makepeace et al., 1995; Pitt & Maestre, 2005], less information is available
for trace organic contaminants (TOrCs). It is clear that TOrCs are widely present in urban
runoff at harmful levels [Bucheli et al., 1998; Grebel et al., 2013]. For example, multiple
studies have detected the herbicides diuron and atrazine at µg/L levels in roadside and roof
runoff, respectively [Bucheli et al., 1998; Huang et al., 2005; Sidhu et al., 2012].
Distributed stormwater treatment presents an opportunity to mitigate contamination to
receiving waters while potentially augmenting water supplies [Fletcher et al., 2008]. For
example, stormwater infiltration basins, where runoff is infiltrated rapidly through sand-
based media, have become a popular urban stormwater best management practice [Davis
et al., 2009]. However, some contaminants, polar TOrCs in particular [Pitt et al., 1999], may
pass through these systems. For example, less than 50% removal of atrazine was observed
during in situ challenge tests for a field-scale vegetated bioinfiltration basin [Zhang et al.,
2014]. This suggests that sorption by conventional organic amendments (i.e. mulch and
compost) and naturally developed biological material does not achieve adequate retention of
polar, recalcitrant TOrCs.
Engineered sorbents are a promising means of enhancing TOrC retention. Black carbons
(BCs), such as activated carbon (AC) and biochar, are especially attractive because their
high sorptive affinities enable even small amounts to achieve significant retention. The BC
particle size will be an important performance parameter, as larger particles allow faster
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infiltration while smaller particles allow faster sorption kinetics. However, BC particle size
will be difficult to control during construction. The amount of BC added to base infiltration
media (i.e., the BC dose in sand) presents a more plausible design variable, as well as a
performance trade-off: an increased dose of BC will increase TOrC retention but also may
decrease hydraulic conductivity [Barnes et al., 2014]. Potential advantages of both biochar
and AC make it unclear which is best-suited for this application. Biochar more effectively
retains heavy metals [Beesley et al., 2010], acts as a sink for atmospheric carbon dioxide
[Lehmann et al., 2006], and may be less expensive than AC if produced from waste material
[Ahmad et al., 2014]. However, adequate TOrC retention may be maintained at lower AC
doses due to its higher sorption capacity, potentially allowing faster infiltration.
BC sorption of commonly detected stormwater TOrCs, such as diuron [Cornelissen et al.,
2005b], benzotriazole [Reemtsma et al., 2010], and atrazine [Cornelissen et al., 2005b; Ding
et al., 2008], has been widely studied in batch experiments. Sorption capacity and isotherm
nonlinearity increase with production temperature, pore volume, and surface area (SA) [Chen
et al., 2008; Lattao et al., 2014; Zhu et al., 2005], and dissolved organic carbon (DOC) sup-
presses sorption by pore blockage [De Ridder et al., 2011; Kasozi et al., 2010; Kwon &
Pignatello, 2005; Pignatello et al., 2006]. In contrast, the effects of BC on TOrC transport
in porous media have been less widely studied, and previous studies have focused on hy-
drophobic TOrCs [Gidley et al., 2012; Lefevre et al., 2012c; Werner et al., 2012a]. Strong
kinetic sorption effects have been observed in sediments containing BC, which have been
attributed to intraparticle diffusion [Ball & Roberts, 1991; Werner et al., 2006]. Consider-
ing that kinetic effects increase for shorter distances and faster flows [Werner et al., 2012a],
kinetic limitations may be especially relevant for infiltration systems.
The objective of this study was to verify a forward-prediction model for the sorption-
controlled retention of TOrCs in BC-amended sand, such that TOrC breakthrough times
for BC-amended infiltration basins could be predicted. It was hypothesized that significant
retention of polar TOrCs could be achieved at high infiltration rates and low BC doses,
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despite fouling by DOC, and further, that kinetic effects could be described by sorption-
retarded intraparticle diffusion. The following three questions were addressed: (1) Can
the TOrC sorption performance of commercially available BCs be assessed using simple
batch experiments? (2) Which forward-prediction transport models, when calibrated using
parameters obtained only from batch experiments, best predict TOrC retention in BC-
amended sand? (3) Can BC dose be adjusted in infiltration basins to simultaneously achieve
effective TOrC retention and fast infiltration? To address these questions, a series of batch
and column tests were conducted using commercially available BCs, synthetic stormwater
containing DOC, and representative polar stormwater TOrCs.
2.3 Experimental Section
This section describes the experimental methods and procedures used for this study.
First, the Materials and Methods subsection describes the BCs evaluated, the method used
for analysis of aqueous TOrC samples, and the general methodology for batch experiments.
Next, the Experimental Procedure subsection describes how the forward transport model
was calibrated, verified, and used to make forward simulations for a case study to predict
sorption-controlled breakthrough times in a full-scale system.
2.3.1 Materials and Methods
Materials. Eighteen BCs (characterization and production details in Table A.2 and Ta-
ble A.3) were initially screened (described below), and two commercially available biochars
and one AC were selected for further evaluation in model verification experiments. The
two wood-based biochars were a pyrolysis biochar produced by Biochar Now in Berthoud,
CO (BN-biochar; 108 m2/g SA) and a gasification biochar produced by Mountain Crest
Gardens in Etna, CA (MCG-biochar; 318 m2/g SA). The AC was Calgon Filtersorb➤ 300
(F300-AC; 883 m2/g SA). BC SA and pore volume were determined by N2 adsorption, and
solid densities (dBC) were estimated by helium adsorption, both at 77 K using an automated
surface area analyzer. Micropore volume was determined from N2 adsorption data using
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the t method [Lippens & De Boer, 1965]. BC intraparticle porosity (pBC) was estimated
gravimetrically by water uptake. Small BC particle diameters (dpart) were used to achieve
homogeneous surface properties (less than 246 µm for screening experiments, between 53
and 246 µm for model verification experiments), and BCs were rinsed with deionized water
and air dried to remove aggregated small particles. The suite of representative stormwater
TOrCs included 2,4-diphenoxyacetic acid (2,4-D), benzotriazole, atrazine, diuron, oryzalin,
tris(3-chloro-2-propyl)phosphate (TCPP), prometon, and fipronil (properties and standard
sources in Table A.4), and was selected according to occurrence in urban stormwater, recal-
citrance, and mobility [Grebel et al., 2013].
TOrC analysis. Aqueous TOrC concentrations were quantified by liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS), using a 1200 Series binary pump (Agilent),
a CTC Analytics HTS PAL autosampler (LEAP Technologies) with a 1 mL sample loop,
a 150 x 46 mm Luna C18 column with a 5 µm particle size (Phenomenex), and a 3200
QTrap MS/MS (ABSciex). TOrCs were analyzed by electrospray ionization (ESI) in posi-
tive or negative mode (details in Table A.5). Eluents prepared with HPLC-grade water and
OptimaTMmethanol (Fisher Scientific) were pumped at an overall flow rate of 0.8 mL/min
throughout the gradient method. The ESI positive eluent contained 2 mM ammonium for-
mate (Sigma Aldrich) and 0.1% formic acid (Fluka), and the ESI negative eluent contained
4 mM ammonium acetate (Mallinckrodt). Isotope dilution was performed as described else-
where [Vanderford & Snyder, 2006]. Briefly, aqueous aliquots were diluted by 10% with
a solution of methanol containing 4 µg/L isotope surrogate, such that the final surrogate
concentration was 0.4 µg/L.
Batch screening. Batch screening experiments were conducted to identify commercially
available biochars to represent a realistic range of performance in model verification ex-
periments, using a reproducible and broadly applicable method for BC selection. Only
wood-based biochars were evaluated due to their commercial availability and demonstrated
sorption capacity [Ahmad et al., 2014], and F300-AC was evaluated in tandem to set a per-
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formance benchmark. A short equilibration time of 5 days was used to simultaneously assess
effects of kinetics and capacity, and the initial aqueous TOrC concentration (Cw,0) was 10
µg/L. Initial tests were conducted in clean synthetic stormwater for 17 biochars and F300-
AC. Eight biochars that spanned the observed performance range were subsequently tested
using a reproducible ‘standard’ synthetic stormwater, which contained 20 mg/L Suwanee
River Natural Organic Matter (SRNOM; International Humic Substances Society, St. Paul,
MN) and 500 mg/L sodium azide. BN-biochar and MCG-biochar were selected for further
evaluation because they spanned the full range of observed performance.
General methodology for batch experiments. Batch experiments were carried out in trip-
licate in amber bottles containing BC and synthetic stormwater. Synthetic stormwater was
prepared from deionized water and salts to obtain total carbonate, nitrogen, and phospho-
rus levels representative of event mean concentrations in urban runoff (Table A.6) [Ellis &
Hvitved-Jacobsen, 1996]. Its pH was initially adjusted to 7, and moderate buffering capacity
from 1 mM bicarbonate allowed observation of effects from BC-induced pH changes. The
synthetic stormwater was either “clean” or contained added DOC (source varied, described
below). The volume of synthetic stormwater (200 mL or 400 mL) and mass of BC (1 mg to 30
mg) were adjusted to achieve a fractional TOrC uptake between 0.2 and 0.8 and limit uncer-
tainty in calculated partition coefficients (Kd, Calculation A.1) [Sander et al., 2005]. Sodium
azide was also added to the synthetic stormwater to prevent biodegradation and biological
fouling. BCs were pre-equilibrated in synthetic stormwater overnight to simulate abiotic
fouling, then TOrCs were added to batches with a methanol carrier, such that methanol
concentrations were less than 0.1 vol%. During sample collection, 1530 µL aliquots were
diluted with isotope surrogate solution, centrifuged, and transferred to autosampler vials.




Model calibration. Batch kinetic and isotherm experiments were conducted in a represen-
tative matrix to obtain calibration parameters. Experiments were carried out over 67 days,
and bottles contained 3 mg MCG-biochar, 25 mg BN-biochar, or 1 mg F300-AC in 200 mL
‘representative’ synthetic stormwater (elemental composition in Table A.7) containing 200
mg/L sodium azide. This matrix was prepared by adding DOC to clean synthetic stormwater
with a concentrated stock to obtain DOC levels representative of a first flush event (10 – 30
mg/L) [Sickman et al., 2007]. Five gallons of runoff were collected during an August storm
from a residential curb in Golden, CO (DOC 2.5 mg/L; Sievers TOC Analyzer), equilibrated
for one month with 53 g aspen leaves and 100 g grass from the bank of Clear Creek (Golden,
CO), and 450 g plant-based EcoGro compost (A1 Organics; Eaton, CO), then filtered to
0.45 µm (118 mg/L DOC). For kinetic experiments, sampling occurred every 1 – 14 days,
and the Cw,0 and DOC were 10 µg/L and 10 mg/L, respectively. For isotherm experiments,
Cw,0 ranged from 3 – 100 µg/L, and the DOC was 30 mg/L. To further evaluate DOC ef-
fects, sorption kinetics were also assessed for MCG-biochar at 30 mg/L DOC, and 67-day
Kd values were also determined at 10 mg/L DOC and 10 ➭g/L Cw,0 for the three BCs. Only
ESI positive TOrCs were analyzed in model calibration and verification experiments due
to constraints with respect to sample quantity, and models were not calibrated for diuron
because its sorbed fraction was greater than 0.8 in all batches.
Parameters describing equilibrium sorption as either linear or nonlinear were obtained
from the equilibrium data. Linear Kd values (Calculation A.1) were averaged from the linear
isotherm regions, and best-fits to the Langmuir (Equation A.1) and Freundlich isotherms
(Equation A.2) were obtained using Igor Pro. As the residual mean square error (RMSE)
demonstrated better fits for the Langmuir isotherm (Table A.8), the nonlinear sorption
parameters were the Langmuir coefficient (Kl) and maximum TOrC concentration on the BC
(Cs,max). Further, two kinetic parameters were obtained from the kinetic data. Tortuosity
(τ) was used to describe intraparticle diffusion kinetics, as obtained from the best-fit of a
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sorption-retarded diffusive uptake model (Equation A.3) [Grathwohl, 1998]. A first-order
rate for TOrC mass transfer to the BC was also estimated by Equation A.4. In addition to
these sorption parameters, transport models were also calibrated for BC particle properties
(pBC , dBC , dpart) and column properties (porosity, n; dispersion coefficient, Edisp; described
below).
Transport models. Four forward-prediction models describing one-dimensional, sorption-
retarded solute transport in porous media were evaluated: (I) a model assuming local sorp-
tion equilibrium (Equation A.5); (II) a model assuming first-order sorption kinetics (Equa-
tion A.6); and two models describing sorption-retarded intraparticle diffusion kinetics, as-
suming (III) linear sorption, and (IV) Langmuir sorption (Equation A.7). Models I – III
have been previously verified for sediments containing BC [Werner et al., 2012a]. Model IV
uses the same partial differential equations as Model III, with modifications to account for
Langmuir sorption (Equation A.8).
Model verification. Column experiments were conducted with 15 cm length x 2.5 cm
inner diameter (ID) Kimble-Chase Kontes Chromaflex columns (Fischer Scientific) and a
standard sand (Sigma Aldrich; 2.54 cm3/g solid density) with 210 – 297 µm diameter par-
ticles, such that the ratio of column diameter to particle size exceeded the minimum value
of 50 recommended to limit boundary effects [Lang et al., 1993]. A 12 cm portion of each
column was dry-packed with a sand-BC mixture, which was fixed between 2 cm sand plugs
at the inlet and outlet. There was no visible BC particle migration in the outlet sand plugs.
Different doses were used for each BC (0.4 wt% F300-AC, 0.2 wt% MCG-biochar, 1.0 wt%
BN-biochar) due to wide variability in TOrC retention and constraints with respect to ex-
perimental duration. A homogeneous F300-AC distribution could not be achieved at a lower
dose, thus effluent concentrations (Cw,effluent) were much lower and results are reported as
breakthrough pore volumes (Cw,effluent above quantification limit, 0.025 ➭g/L). The porosity
of the BC-amended column portion (nBC 0.35 ± 0.1, Table 2.1) was estimated gravimet-
rically after saturation, and corrected to account for the porosity in the sand plugs (nsand
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0.32).
Columns were flushed with CO2 and then deionized water in upflow to ensure saturation.
Tracer tests were carried out to confirm that early breakthrough did not occur using potas-
sium bromide as a conservative tracer and a Hach➤ conductivity meter. Edisp values were
obtained from best-fits to tracer data using Hydrus 1D (Table 2.1). Control columns without
BC confirmed less than 5% loss of TOrCs to column components. A multichannel peristaltic
pump delivered influent at 0.42 mL/min (2.1 ± 0.2 in/hr or 5.3 ± 0.5 cm/hr linear velocity)
to represent infiltration in a basin sized to drain in 24 hr (recommended rates for sizing
calculations are 4.9 and 1.3 in/hr for sand and loamy sand, respectively) [UDFCD, 2010].
A pulsed influent profile was carried out to observe kinetic effects (i.e., fronting and tailing
during breakthrough and desorption, respectively). Columns were equilibrated overnight
with representative synthetic stormwater (10 mg/L DOC, 200 mg/L sodium azide) to al-
low pre-equilibration with DOC, pulsed with TOrCs (Cw,influent 20 ➭g/L) for 4 days, then
flushed with TOrC-free representative synthetic stormwater for 8 days. Effluent samples
were collected at 1 – 30 pore volume intervals throughout the pulse and desorption phases,
and isotope dilution was carried out directly in autosampler vials. The effluent pH ranged
from 7.2 – 8.5, and varied by less than 0.1 log units throughout the experiments.
Transport models were verified by comparison of column data and model predictions,
based on a Monte Carlo analysis evaluating the uncertainty of outputs from Models III
and IV, as described elsewhere [Werner et al., 2012a]. Briefly, the standard deviation of
the model output was determined after 50 simulations, using parameter inputs which were
normally distributed around their means with estimated (30% of the mean parameter) or
experimental standard deviations (Table 2.1). Uncertainty bounds were generated by adding
and subtracting the model-output standard deviation from the mean-parameter output.
Case study. Case study simulations were carried out to predict sorption-controlled
atrazine breakthrough times for an infiltration basin amended with F300-AC or MCG-
biochar, and to assess the potential performance trade-off associated with increased BC
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dose (increased TOrC retention and decreased hydraulic conductivity). Ranges of possi-
ble BC doses were identified by setting minimum specifications for two cases: (Case 1) a
maximum breakthrough time (when 95% removal can no longer be maintained) at a mini-
mum infiltration rate of 1 in/hr, and (Case 2) a maximum infiltration rate for a minimum
breakthrough time of 1 year. Simulations with Model IV were carried out for an infiltration
basin with an underdrain, such that the infiltration rate was the unsaturated hydraulic con-
ductivity. The dependence of saturated hydraulic conductivity on BC dose was estimated
(Calculation A.2) according to results from falling head tests (Method A.2) and previously
observed trends [Barnes et al., 2014], using sand dosed with F300-AC and MCG-biochar.
The unsaturated hydraulic conductivity was estimated assuming 90% saturation (Calcula-
tion A.3) [Campbell, 1974; Clapp & Hornberger, 1978]. The simulated basin was sized to
103 m2 to allow 12 hr drainage of 50% runoff volume from a 3 acre catchment during an 80th
percentile storm (Calculation A.4) [UDFCD, 2010]. Annual treatment rates for a catchment
receiving 16 inches of precipitation per year were estimated as 65 pore volumes and 78 pore
volumes for basins with depths of 3 feet and 1 foot, respectively (Calculation A.5). To ac-
count for long-term fouling, Langmuir parameters were approximated as half of experimental
values, and tortuosity was doubled (Table A.13) [Kwon & Pignatello, 2005; Yang & Sheng,
2003]. An average BC dpart of 1 mm was simulated to represent increased kinetic effects for
larger particles. To account for channeling, the estimated pore volumes to breakthrough was
halved to approximate a 50% bed contact volume (30% reduction previously observed for a
conservative tracer) [Padilla et al., 1999].
2.4 Results and Discussion
This section describes the results obtained from the experiments described in the previous
section. First the results from the batch screening experiments are discussed, followed by the
results from the batch calibration and column verification experiments. The section closes
with a discussion of the results from the case study simulations.
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2.4.1 Batch Screening
Batch screening tests revealed trends in the 5-day LogKd dependent on TOrC octanol-
water partition coeficient (Kow) and BC surface properties, and the presence of DOC weak-
ened trends. Representative results are shown in Figure 2.1 (additional results in Table A.9).
LogKd values increased with TOrC LogKow, and LogKd was suppressed in the presence of 20
mg/L SRNOM (Figure 2.1A). Diuron had the highest LogKd, though its LogKow is similar
to the other TOrCs, while 2,4-D had the lowest LogKd. Benzotriazole also had a relatively
high LogKd despite a low LogKow, particularly for BN-biochar. Among the different BCs,
significant correlations (Pearson p-values < 0.05, Table A.10) with LogKd values were ob-
served for N2 pore volume (Figure 2.1B) for most TOrCs, and for SA in comparatively fewer
cases. Further, peak LogKd values were observed for mesopore volumes between 0.1 and 0.2
cm3/g (Figure 2.1C), potentially due to counteracting effects of faster diffusion and fewer
sorption sites in mesopores. MCG-biochar performed especially well, achieving LogKd values
similar to F300-AC.
Figure 2.1 Representative results from batch screening tests in clean and standard synthetic
stormwater (SSW). (A) Five-day LogKd versus LogKow for sorption of eight TOrCs to MCG-
biochar. (B) Five-day LogKd versus N2 total pore volume for sorption of fipronil to eight
BCs. (C) Five-day LogKd versus mesopore volume for sorption of TCPP to eight BCs.
These results show that previously identified TOrC sorption trends can be extended to
commercially available biochars in the presence of DOC [Lattao et al., 2014]. In light of the
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difficulties predicting performance from measureable BC properties, BC selection will likely
be most successful if based on batch tests, and the method described herein may provide a
reproducible and broadly applicable BC selection method. Nevertheless, if batch tests are
not possible, N2 pore volume and mesopore volume may indicate sorption performance.
2.4.2 Model Calibration
Best-fits of the sorption-retarded kinetic model to the apparent LogKd (LogKd,app) for
benzotriazole are shown in Figure 2.2A (additional results in Figure A.1). The kinetic
model fit the batch data well; the SSR for the fit to LogKd,app was below 0.1 for all cases
(Table 2.1). TOrC sorption to MCG-biochar appeared to reach equilibrium at 30 days (no
detectable change Kd,app), while sorption of some TOrCs to BN-biochar and F300-AC did
not reach equilibrium within 67 days (atrazine and benzotriazole for BN-biochar; atrazine,
prometon, and TCPP for F300-AC). For these cases, both equilibrium LogKd (LogKd,eq) and
tortuosity were adjusted, resulting in LogKd,eq values that were 3% - 12% greater than the
67-day LogKd,app values (Figure A.1). Kinetics were fastest (i.e. lowest tortuosity) for MCG-
biochar, followed by F300AC and BN-biochar (Table 2.1). Overall, higher DOC and lower
mesopore volume resulted in slower kinetics (Table A.11), suggesting that pre-equilibration
with DOC might increase intraparticle mass transfer resistances by pore blockage [Hale et al.,
2009].
Best-fits of the Langmuir isotherm to batch data for benzotriazole are shown in Fig-
ure 2.1B (additional results in Figure A.2) and Langmuir parameters are shown in Table 2.1.
Though the Freundlich isotherm has been widely applied for TOrC sorption to BC [Accardi-
Dey & Gschwend, 2003; Cornelissen et al., 2005a; Kupryianchyk et al., 2016], previous studies
have primarily used clean matrices. It is likely that pre-equilibration with DOC affected the
sorption mechanism; pre-equilibration with humic substances has previously been observed
to increase isotherm linearity for sorption of non-polar aromatic compounds to biochar [Pig-
natello et al., 2006]. The highest sorption capacity was achieved by F300-AC, followed by
MCG-biochar and BN-biochar. LogKd values were lower in the presence of 30 mg/L DOC
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Figure 2.2 Representative model calibration results for benzotriazole (complete results in
Figure A.1 and Figure A.2). (A) Sorption-retarded diffusion model fit to batch kinetic data.
(B) Langmuir isotherm fit to batch equilibrium data. Dotted lines indicate a 95% confidence
interval for the isotherm fit.
than 10 mg/L DOC, indicating that higher DOC levels suppressed sorption (Table A.12).
LogKd suppression increased with molecular size (TCPP >prometon >atrazine >benzotri-
azole), as previously observed [Pignatello et al., 2006]. Benzotriazole and atrazine exhibited
the greatest nonlinearity in the relevant Cw range, as indicated by high Kl and low Cs,max.
While the isotherm parameters may be affected by the isotherm Cw range (only points with
fsorbed >0.2 are included), all isotherms included the maximum Cw in column tests (20
µg/L), thus sufficiently accounting for the expected nonlinearity.
2.4.3 Model Verification
Figure 2.3 shows representative pulsed breakthrough curves for columns containing (A)
1.0 wt% BN-biochar and (B) 0.2 wt% MCG-biochar. MCG-biochar retained TOrCs more ef-
fectively than BN-biochar. Atrazine, prometon, and TCPP, with LogKow values between 2.5
and 3.0, behaved similarly. Though its LogKow is also in this range, diuron showed especially
enhanced retention. Further, BN-biochar showed relatively strong retention of benzotriazole,
despite its lower LogKow of 1.4. For columns with 0.4 wt% AC, the breakthrough order was
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TCPP, prometon (both at 363 pore volumes), atrazine (370 pore volumes), and benzotriazole
(428 pore volumes); diuron breakthrough was not observed within 428 pore volumes. These
results indicate that BCs with high sorption capacities and fast kinetics effectively retain
TOrCs, and that LogKow does not indicate TOrC breakthrough order.
Figure 2.3 Representative pulsed breakthrough curves for columns packed with (A) 1.0 wt%
BN-biochar and (B) 0.2 wt% MCG-biochar, for a 100 pore volume pulse of 20 µg/L TOrCs,
followed by a 328 pore volume flush. Column experiments were conducted in duplicate or
triplicate, results are shown for a single experiment to improve clarity.
Strong kinetic effects were observed for all column experiments, indicated by fronting and
tailing in breakthrough curves. Figure 2.4 shows predictions from all four models for prome-
ton using the mean parameter values shown in Table 2.1 (additional results in Figure A.3).
Models I (first-order kinetic) and II (local equilibrium) overestimated and underestimated
retention, respectively, while Models III (diffusion-limited, linear) and IV (diffusion-limited,
Langmuir) were in better agreement with column results. Predictions were generally im-
proved when models were calibrated using tortuosity values from batches containing 30
mg/L DOC (example for atrazine in Figure A.4A and B), possibly because elevated DOC
levels better represented increased fouling in column systems. TCPP was the exception to
this trend (Figures S4C and S4D). As TCPP sorption was most suppressed by DOC (Ta-
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ble A.12), a threefold higher DOC level may have overestimated fouling effects. Because
kinetic parameters were not additionally determined at 30 mg/L DOC for BN-biochar, the
models could not calibrated to account for increased fouling, and TOrC retention is over-
predicted for BN-biochar.
Figure 2.4 Observed prometon effluent profiles for columns packed with (A) 0.2 wt% MCG-
biochar and (B) 1.0 wt% BN-biochar, shown with predictions using mean parameters from
Models I (equilibrium), II (first-order kinetic), III (linear, diffusion-limited), and IV (Lang-
muir, diffusion-limited).
To characterize the significance of discrepancies between model predictions and observa-
tions, a Monte Carlo uncertainty analysis was carried out for Models III and IV. Figure 2.5
shows that for MCG-biochar columns, most deviations from mean model predictions fell
within the uncertainty bounds (additional results in Figures S5 – S9). This agreement is
notable in light of inherent differences between batch and column sorption processes, and
the complexity of the representative synthetic stormwater. The upper uncertainty bounds
were in better agreement with BN-biochar breakthrough curves (Figure A.6, Figure A.7,
Figure A.8, Figure A.9), but still over-predicted retention, suggesting that calibration at
higher DOC levels is necessary.
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Table 2.1 Parameters used for model predictions, as determined from batch calibration exper-
iments (ATZ = atrazine, BTA = benzotriazole, PRN = Prometon). The standard deviation
values used for the Monte Carlo uncertainty analysis are shown in parentheses. The SSR
is for the fit of the sorption-retarded diffusion model to experimental LogKd,app, and the
RMSE is for the fit of the Langmuir model to experimental Cs.
Kinetic Linear Langmuir Isotherm Column Particle
τ SSR LogKd KL Cs,max RMSE E
dispx10−4 n pBC dBC
[-] [L/kg] [L/kg] [L/µg] [g/kg] [g/kg] [cm2/s] [-] [-] [g/cm3]
BN-biochar
ATZ 636 0.0055 3.8 0.059 0.15 0.010
(191) (0.2) (0.018) (0.05)
BTA 1546 0.0334 4.5 0.290 0.23 0.010
(464) (0.2) (0.087) (0.07) 1.4 0.36 0.6 1.5
PRN 382 0.0048 3.5 0.049 0.12 0.012 (0.1) (0.01) (0.1) (0.1)
(115) (0.2) (0.019) (0.04)
TCPP 442 0.0500 3.6 0.013 0.37 0.144
(133) (0.1) (0.010) (0.11) 0.144
MCG-biochar
ATZ 17.1 0.0080 4.9 0.145 1.13 0.087
(5.1) (0.3) (0.043) (0.34)
BTA 28.7 0.0067 5.0 0.160 1.14 0.083
(8.6) (0.2) (0.036) (0.34) 3.1 0.34 0.56 1.7
PRN 16.4 0.0020 4.6 0.031 1.83 0.073 (0.2) (0.01) (0.1) (0.1)
(4.9) (0.2) (0.009) (0.54)
TCPP 8.2 0.0538 4.6 0.0027 14.8 0.117
(2.4) (0.1) (0.001) (4.4)
F300-AC
ATZ 96.4 0.0848 5.7 0.099 6.5 0.525
(28.9) (0.3) (0.030) (2.0)
BTA 11.7 0.0195 5.5 0.113 5.1 0.371
(3.5) (0.2) (0.034) (1.5) 3.4 0.35 0.77 2.0
PRN 94.2 0.0122 5.4 0.065 5.7 0.414 (0.2) (0.01) (0.1) (0.1)
(28.3) (0.2) (0.020) (1.7)
TCPP 57.2 0.0296 5.4 0.068 14.0 0.619
(17.2) (0.2) (0.020) (4.2)
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Figure 2.5 MCG-biochar column breakthrough curves and uncertainty analysis results for
Models III (linear, diffusion-limited) and IV (Langmuir, diffusion-limited), as determined for
TCPP (A,B), atrazine (C,D), and benzotriazole (E,F). Solid lines and dotted lines indicate
the mean-parameter output and uncertainty bounds, respectively.
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Trends in nonlinearity observed during isotherm experiments were reflected in model
predictions. Models III and IV gave similar predictions for TCPP (Figure 2.5A and Fig-
ure 2.5B) and prometon (Figure A.5), as expected due to their observed sorption linearity
for Cw up to 20 µg/L. There were more pronounced differences between predictions from
Models III and IV for atrazine (Figure 2.5C and Figure 2.5D) and benzotriazole (Figure 2.5E
and Figure 2.5F), which exhibited stronger nonlinearity in the relevant Cw range (i.e. lower
Cs,max and higher Kl for sorption to MCG-biochar). Model IV predicted sharper peaks than
Model III, potentially indicative of BC being at or near sorption capacity. For atrazine, the
uncertainty bounds accounted for most deviations from the predictions for both models. For
benzotriazole, which showed the greatest nonlinearity in the relevant Cw range, only Model
IV predicted the observed sharp peak, though a comparatively larger portion of the observed
curve fell outside of the uncertainty bounds. These deviations may be due to differences in
the ionized fraction of benzotriazole between batch and column experiments, since the pH
was near its pKa of 8.2.
2.4.4 Case Study Simulation
Figure 2.6 shows the results of the case study predicting atrazine breakthrough times
for an infiltration basin with varying doses of F300-AC and MCG-biochar, assuming that
no biodegradation occurs and infiltration rate is determined by BC dose. When BC dose is
increased, infiltration rate decreases and atrazine breakthrough time increases, representing
the performance trade-off associated with increased dose. Infiltration basins amended with
both MCG-biochar and F300-AC were predicted to meet the minimum design criteria set
for Case 1 (1 in/hr minimum infiltration rate) and Case 2 (1 year minimum breakthrough
time). For F300-AC, a maximum breakthrough time of 54 years at a dose of 12.3 wt% AC
was estimated for Case 1, and a maximum infiltration rate of 4.3 in/hr at a dose of 4.9 wt%
was estimated for Case 2. For MCG-biochar, a maximum breakthrough time of 5.8 years at
a dose of 4.5 wt% was estimated for Case 1, and a maximum infiltration rate of 3.0 in/hr at
a dose of 2.9 wt% was estimated for Case 2.
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Figure 2.6 Results from a case study on atrazine breakthrough in BC-sand beds with depths
between 1 foot and 3 feet for (A) MCG-biochar and (B) F300-AC. Imax and Imin are the
maximum and minimum infiltration rates, and BTmax and BTmin are the maximum and
minimum breakthrough times, respectively. Infiltration rates are set by BC dose, assuming
that hydraulic conductivity decreases with increased BC dose. For Case 1, the solid lines
represent the design constraint of a 1 in/hr Imin, and the dotted lines indicate the corre-
sponding predicted BTmax. For Case 2, the solid lines represent the design constraint of a
1 year BTmin, and the dotted lines indicate the corresponding BC dose predicted for Imax.
The shaded area indicates the feasible design region.
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These results suggest that both biochar and AC could obtain atrazine breakthrough times
greater than five years by sorption only, and that AC may prevent breakthrough for multiple
decades. However, to dose a 100 m2 infiltration basin at 12.3 wt% AC would require approx-
imately 11.8 tons, which may be cost prohibitive with AC prices near ✩1500/ton [USEPA,
1999]. A dose of 5 wt% (4.8 tons) may be more reasonable. Further, application of biochar
may have economic benefits, as break-even costs below ✩250/ton have been estimated for
production from waste material [Ahmad et al., 2014]. Additionally, in light of the superior
metals retention and carbon sequestration benefits of biochar [Beesley et al., 2010; Lehmann
et al., 2006], it is unclear if this additional predicted retention makes AC more advanta-
geous. If sufficient space were available to construct a basin to drain at 1 in/hr, the longer
hydraulic retention time of the biochar-amended media may allow increased biodegradation
and reduced kinetic effects.
2.5 Environmental Implications
A significant outcome of this study was the verification of a forward-prediction model to
describe sorption-retarded transport of TOrCs in saturated BC-amended sand. This model
may broadly enable the design of treatment systems for targeted removal of a wide variety
of TOrCs under diverse operating conditions, as calibration requires only batch data. Initial
case study simulations predicted that either biochar or AC could effectively enhance polar
TOrC retention in stormwater infiltration basins, providing a potentially cost-effective means
of mitigating contamination of urban receiving waters. Further, the described methodology
for batch screening experiments may provide a reproducible means of screening BCs for
diverse applications. This outcome may also be especially significant in light of the wide
performance variability of commercially available biochars evidenced in this study.
Additional work is necessary to address several potential opportunities and challenges.
Frequent media replacement and disposal may be avoided if retained TOrCs can be degraded
[Lefevre et al., 2012b]. Recent work has suggested that amendment of soils with biochar
enhances the biodegradation of some TOrCs [Tong et al., 2014], motivating further studies
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with biologically active media. Further, difficulties predicting the effects of long-term fouling
by DOC, clogging, and channeling may present engineering challenges, and field validation




BIODEGRADABLE ORGANIC CARBON AMENDMENTS ENHANCE
ATTENUATION OF TRACE ORGANIC CONTAMINANTS IN BIOCHAR-AMENDED
STORMWATER BIOFILTERS
Modified from an article submitted to Environmental Science and Technology
Bridget A. Ulrich,1,2 Marta Vignola,3 Katelynn Edgehouse,4 David Werner,3 and
Christopher P. Higgins1,5
3.1 Abstract
Biochar-amended infiltration systems may significantly improve urban water quality by
enhancing removal of trace organic contaminants (TOrCs) from runoff. As biochar’s sorp-
tion capacity will eventually saturate, stimulation of biological TOrC attenuation may be
beneficial. The objective of this study was to determine if biodegradable organic carbon
amendments can improve TOrC attenuation in biochar-amended biofilters. It was hypoth-
esized that microbial growth in response to dissolved organic carbon (DOC) availability
would establish more robust and diverse microbial communities, leading to enhanced TOrC
biodegradation and sorption to biological material. This hypothesis was evaluated in TOrC-
spiked microcosm and column experiments, utilizing a representative microbial consortium
from actual runoff and DOC extracted from straw and compost. Microcosms with com-
post DOC exhibited broader TOrC biodegradation potential than microcosms with raw
runoff or straw DOC. 16s rRNA gene sequencing revealed community clustering according
to DOC type, suggesting that DOC availability caused shifts in community structure that
affected TOrC biodegradation. Columns exhibited enhanced biological TOrC attenuation in
1Department of Civil and Environmental Engineering, Colorado School of Mines
2Primary researcher and author
3School of Civil Engineering and Geosciences, Newcastle University, UK
4Department of Chemistry, Cleveland State University
5Corresponding author
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presence of biofilms established with compost DOC but not straw DOC. These results reveal
that biodegradable organic carbon sources stimulate biological TOrC attenuation in biochar-
amended biofilters, providing insight into the design of stormwater biofilters for improved
water quality.
3.2 Introduction
Stormwater runoff is a major cause of receiving water quality impairment, particularly in
urban areas where stormwater runs over contaminated roads, lawns, and rooftops [National
Research Council, 2009]. Low Impact Development (LID) systems have become popular for
urban stormwater management, as they improve many conventional water quality parameters
(e.g., total metals) while maintaining landscape permeability [Dietz, 2007; Hunt et al., 2010].
However, the removal of trace organic contaminants (TOrCs) in LID systems is poorly
understood, despite their wide presence in urban runoff [Grebel et al., 2013]. TOrCs that
are toxic and mobile are of greatest concern, including urban-use biocides (e.g., phenyl urea
and triazine herbicides, phenylpyrazole pesticides) [Bucheli et al., 1998; Gan et al., 2012;
Huang et al., 2005], flame retardants (e.g., organophosphates) [Regnery & Püttmann, 2010],
and chemicals from vehicle fluids (e.g., benzotriazoles) [Stachel et al., 2010]. As these TOrCs
may pass through conventional LID systems [Zhang et al., 2014], improved TOrC retention
could provide significant water quality benefits.
Engineered geomedia amendments are an emerging approach to improve contaminant
removal in LID systems [Grebel et al., 2016; Torkelson et al., 2012]. Biochar is especially
promising, as it increases the sorptive retention of TOrCs [Shimabuku et al., 2016; Ulrich
et al., 2015], and has also shown promise for enhanced removal of metals, bacteria, and
nutrients [Beesley et al., 2010; Mohanty et al., 2014; Reddy et al., 2013]. However, the
sorptive capacity of biochar will inevitably saturate, necessitating media replacement to
prevent leaching of accumulated TOrCs. Media lifetimes would likely be on the order of
years in absence of biological attenuation processes: a previous study predicted an atrazine
sorptive retention time of 6 years in a biochar-amended infiltration basin using forward
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model simulations [Ulrich et al., 2015]. Additional amendment with biodegradable organic
carbon (C) sources to allow slow release of growth substrates (i.e., dissolved organic carbon,
DOC; nitrogen, N) may prevent TOrC accumulation by stimulating biological attenuation
proceses [Lefevre et al., 2012b]. However, as DOC may foul biochar and reduce TOrC
retention, [Kwon & Pignatello, 2005] it may be beneficial to configure systems with a C
source-amended layer above a biochar-amended layer to minimize contact between the two
amendments. Therefore, effects of DOC itself on TOrC attenuation are especially relevant.
Carbon source selection provides an interesting design opportunity for stormwater biofil-
ters. Recent research has provided insight into how C source composition may allow manip-
ulation of the composition and TOrC biodegradation function of microbial communities. For
example, studies on wastewater microbial consortia have found ambient C and N availabil-
ity to be associated with enhanced biodiversity and TOrC biodegradation [Helbling et al.,
2012; Johnson et al., 2014, 2015], and one study found the specific formulation of dissolved
organic matter to influence TOrC degrading activity [Horemans et al., 2013]. Of particular
interest is how TOrC biodegradation is affected by microbial growth in response to DOC
availability, as bacteria may preferentially utilize more abundant and readily-assimilable
C substrates from DOC rather than TOrCs [Brückner & Titgemeyer, 2002]. For exam-
ple, highly biodegradable C sources with high C:N ratios (e.g., cellulose-rich straw) may
promote rapid microbial growth and utilization of TOrCs as N sources [Alvey & Crowley,
1995; Touratier et al., 1999]. However, such conditions may allow fast-growing bacteria to
out-compete other TOrC-degrading bacteria and deplete nutrients essential for survival. Al-
ternatively, more recalcitrant C sources with lower C:N ratios (e.g., lignin-rich compost) may
establish communities with broader substrate utilization potential that are less susceptible
to nutrient depletion [Schutter & Dick, 2001]. Therefore, environmentally representative
conditions are essential, as microbial cultures grown with simple C substrates and excess
nutrients will behave quite differently from the consortia in actual biofilters.
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The objective of this study was to evaluate how biodegradable organic C sources affect
TOrC attenuation in biochar-amended biofilters. It was hypothesized that microbial growth
in response to DOC availability would establish more robust and diverse microbial commu-
nities, leading to enhanced TOrC biodegradation and sorption to biological material. This
was investigated in microcosm and column experiments, utilizing actual runoff to obtain
representative microbial consortia, and DOC extracts from straw and compost to assess the
effects of C source composition. The results from this study provide improved insight into
the effects of biodegradable organic C amendments on TOrC attenuation in biofilters.
3.3 Experimental Section
This section describes the experimental procedures used for this study. First the method
for analyzing aqueous TOrC samples is discussed, followed by the experimental procedure
for the microcosm and column experiments. The section closes with a discussion of how the
microbial community characterization was carried out.
3.3.1 TOrC Analysis
A suite of representative TOrCs was selected according to their occurrence in runoff
and potential mobility,4 and included 5-methyl-benzotriazole (Me-benzotriazole), benzo-
triazole, atrazine, diuron, oryzalin, tris(3-chloro-2-propyl)phosphate (TCPP), tris(3-chloro-
ethyl)phosphate (TCEP), prometon, fipronil, and 2,4-dichlorophenoxyacetic acid (2,4-D).
Transformation products (TPs) were additionally analyzed for atrazine (hydroxyatrazine; de-
sethylatrazine, DEA; deisopropylatrazine, DIA), diuron (1-(3,4-dichlorophenyl)-3-methylurea,
DCPMU; 3,4-dichloroaniline, DCA), and fipronil (fipronil sulfone, fipronil sulfide). Aqueous
TOrCs were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS)
as described elsewhere (additional details in Supporting Information Method B1) [Ulrich




Actual runoff was used to obtain an environmentally representative microbial consor-
tium and background water chemistry. Runoff was collected in sterilized glass jugs from a
stormwater sewer pipe discharging runoff from a residential neighborhood in Golden, CO,
following a June 2015 rain event. Approximately 500 mL of sediment (leaves, sticks, and
silt) from beneath the pipe was added to each jug to introduce additional bacteria into
the runoff. The runoff was equilibrated at room temperature on a shaker table overnight,
centrifuged for 5 minutes at 800 RCF in sterile falcon tubes to remove large particles, and
stored in the fridge for less than 24 hours prior to use. DOC extracts were prepared by
aerobically incubating 2 L of runoff at 30 ➦C on a shaker table overnight in the dark, with
either plant-based EcoGrow➤ compost (A1 Organics; Eaton, CO, 500 mL) or wheat straw
(Longmont, CO; 2 L packed). Extracts were sterile-filtered (0.45 µm) and analyzed with a
Shimadzu Total Organic Carbon Analyzer (initial DOC 3078 and 1117 mg/L for straw and
compost extracts, respectively), then diluted to 1000 mg/L DOC with sterile-filtered runoff.
The C:N ratios for straw and compost extracts were 15.3 and 8.7, respectively, such that
the straw DOC provided nutrient-limited growth conditions and the compost DOC provided
carbon-limited growth conditions (considering an optimal C:N of 10) [Alexander, 1978].
Three types of aqueous media were prepared (raw runoff, runoff with compost DOC,
runoff with straw DOC), with which 8 biotic microcosms (5 monitored for TOrCs, 3 sacrificed
for additional analyses) and 5 biologically inhibited controls were prepared. Erlenmeyer flasks
(150 mL) were filled with 5 g sand (Sigma Aldrich) and 10 mL of DOC extract (sterile-
filtered runoff for raw runoff microcosms), then autoclaved. The microbial consortium was
introduced with 40 mL of the collected runoff, such that the initial DOC was 205 mg/L in
straw and compost DOC microcosms and 6 mg/L in raw runoff microcosms. Microcosms
were then aerobically incubated for 14 days in the dark at 30 ➦C on a shaker table to
allow microbial growth. Reduced dissolved oxygen (DO, Hach➤ DO probe) consumption in
sacrificed microcosms indicated stabilized biological activity after this duration. Microcosms
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were then diluted to 125 mL with autoclaved synthetic stormwater (Table B.3) to provide
sufficient volume for numerous sampling events. Elemental analysis of sacrificed microcosms
revealed especially low levels of aqueous phosphorus (P) in straw media post-incubation,
indicating nutrient limitations (Table B.4). Sodium azide (154 mg/L, 5 mL of 4 g/L in DI
water) was then added to inhibit biological activity in controls, and biotic microcosms were
diluted with 5 mL autoclaved DI water.
TOrC biodegradation was initiated by spiking microcosms with 52 µL of a methanol car-
rier solution (time 0), such that initial TOrC concentrations (40 µg/L) permitted small sam-
ple volumes without exceeding environmentally relevant levels [Grebel et al., 2013]. While
this also introduced DOC from methanol (119 mg/L), initial incubation allowed development
of communities prior to methanol exposure, allowing results to be interpreted relatively be-
tween conditions. Spiked microcosms were shaken on a shaker table at room temperature and
sampled for TOrCs over 76 days (daily to weekly sampling, decreasing frequencies). Prior
to each sampling event, autoclaved DI water was added to correct for evaporation losses
(individual volumes determined gravimetrically). Sterile pipette tips were used to transfer
250 µL aliquots to 2 mL microcentrifuge tubes containing 200 µL internal standard solution
(of 4 µg/L isotope surrogates in methanol) and 1550 µL of Milli-Q➋ water containing 1 g/L
sodium azide to prevent additional biodegradation (storage at 4➦C in the dark for less than 30
days). Solid phase extraction (SPE) was carried out immediately prior to LC-MS/MS anal-
ysis, using Phenomenex Strata➤-X 33u Polymeric Reversed Phase cartridges (30mg/1mL)
according to the manufacturer’s recommended protocol. Methanol extracts were evaporated
under N2, taken up in 10% methanol, then analyzed by LC-MS/MS. Additionally, nitrate
(Nitrate TNT Plus Hach Kit), optical density (OD, absorbance at 600 nm), and DO were
measured on 3 – 4 occasions (Figure B.1). Residual compost DOC was more than twice as
high as residual straw DOC, indicating greater utilization of straw DOC (Table B.5).
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3.3.3 Column Experiments
Columns (Kimble Chase Economy FLEX-COLUMN➤ 6 cm length, 2.5 cm I.D.) were
dry-packed with sand or sand with 0.5 wt% biochar. This low biochar dose was necessary to
allow TOrC breakthrough within the experimental time frame (6 weeks). Biochar produced
by gasification of pine woodchips at the Mountain Crest Gardens nursery (Etna, CA) was
selected for its proven TOrC retention performance [Ulrich et al., 2015]. A standard sand
(Sigma Aldrich) with small particle sizes (210 – 297 µm) was used to prevent boundary effects
(column diameter:particle size > 50) [Lang et al., 1993], and biochar was sieved and rinsed
with Milli-Q➋ water to obtain 53 – 250 µM particle sizes. Column porosity was estimated
gravimetrically after saturation with water (0.35 ± 0.1 for biochar columns, 0.32 ± 0.1 for
sand columns).
Column media were seeded with microbial consortia using concentrated seeding solutions,
prepared similarly to microcosm media using collected runoff and DOC extracts (details in
Method B1). Briefly, over three successive inoculation-incubation cycles, autoclaved straw
and compost DOC extracts were inoculated with collected runoff (cycle 1) or the previously
inoculated culture (cycles 2 and 3), then incubated until increases in OD indicated expo-
nential growth. One pore volume (PV, 10 mL) of seeding solution was initially injected at
1 mL/min in upflow, after initially flushing with CO2 to ensure saturation. The seeding
solution was then slowly cycled (0.05 mL/min, 0.6 cm/hr linear velocity) for 24 hours to
allow biofilm formation. The biofilms were then conditioned by flushing columns with syn-
thetic stormwater containing 10 mg/L compost or straw DOC at 0.21 mL/min (2.6 cm/hr
linear velocity) for 10 days. Influent reservoirs were refreshed every 2-3 days to prevent
microbial growth within the reservoir itself. DO consumption confirmed biological activity
in all columns (Figure B.4). Tracer tests were carried out on conditioned columns to ensure
homogeneous flow conditions (i.e., no early breakthrough before predicted 2.3 hour retention
time) using Potassium bromide (10 g/L) as a conservative tracer and a Hach➤ conductivity
meter.
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Columns were then injected with synthetic stormwater containing 10 µg/L TOrCs (methanol
from carrier solution removed by evaporation under N2). Sodium azide (400 mg/L) was added
to influents for control sand-biochar columns to inhibit biological activity (one control and
three biotic replicates for both DOC types). Straw and compost columns were injected with
TOrCs for 23 days (675 pore volumes) and 18 days (528 pore volumes), respectively, due to
time constraints imposed by slower microbial growth on compost DOC. Influent reservoirs
were refreshed every 24 hours to prevent TOrC biodegradation in the reservoir. Columns
were then flushed with TOrC-free synthetic stormwater for the remainder of the experiment
(1100 pore volumes total for TOrC injection and flushing). Effluent samples were collected
throughout TOrC injection and flushing. Samples from biotic columns were preserved upon
collection with sodium azide (400 mg/L) and stored at 4➦C in the dark. Isotope dilution was
carried out immediately prior to LC-MS/MS analysis, as described previously [Ulrich et al.,
2015]. Only ESI positive TOrCs were monitored in column experiments due to constraints
on sample analysis.
3.3.4 Microbial Analyses
Microbial community composition and structure were investigated by high-throughput
sequencing (pyrosequencing). DNA extraction and sequencing was carried out for 3 biotic
microcosms from each condition (9 total), as well as for the column seeding solutions (Fig-
ure B.3). Immediately following the final sampling event, the sand and remaining aqueous
media in microcosms were centrifuged in sterile 50 mL Falcon tubes at 3220 RCF for 60
min. After decanting the liquid, the top 500 mg of sand (wet weight) was collected for DNA
extraction. DNA was extracted in duplicate using a PowerSoil DNA Isolation Kit (MO Bio
Laboratories, Inc.), according to the manufacturer’s instructions.
Polymerase Chain Reaction (PCR) amplification of the V4-V5 region of bacterial and
archaeal 16S rRNA genes, for each DNA extract, was conducted using fusion primers con-
taining a PGM sequencing adaptor, a ‘GT’ spacer and a unique 12 base pair Golay barcode
to allow multiplex analyses [Hamady et al., 2009]. PCR reactions were conducted using
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the FastStart High Fidelity PCR System and the PCR Nucleotide Mix (Roche Diagnostics
GmbH), with the following thermocycle program: (i) 2 minutes denaturation at 95➦C, (ii)
30 cycles of 30 minutes denaturation at 95➦C, (iii) 30 second annealing at 56➦C, (iv) 45 min-
utes elongation at 72➦C, and finally (v) 7 minutes elongation at 72➦C. PCR products were
purified using Agencourt AMPure XP reagent (Beckman Coulter) and quantified using a
Qubit dsDNA HS Assay kit (Invitrogen) on a Qubit➤ 2.0 Fluorometer. The single PCR
libraries were pooled in equimolar amounts, further purified using a Pippin Prep System
(Life Technologies) following the manufacturer’s protocol.
Sequencing was carried out with an Ion Torrent Personal Genome Machine➤ (PGM)
System (Life Technology) at Newcastle University. A total of 1,863,582 sequences were ob-
tained and processed in QIIME (v 1.7.0) using the bioinformatics pipeline. The sequences
were trimmed to remove primers and barcodes, quality filtered (considering a minimum
quality score of 20) and chimera checked (ChimeraSlayer) resulting 739,973 total sequences.
Sequences were then clustered into Operational Taxonomic Unit (OTU) at 97% sequence
similarity level by the uclust algorithm, and a representative sequence from each OTU was
selected and taxonomically identified using the Greengenes database [LBL, 2016] and clas-
sified using the RDP näıve Bayesian rRNA classifier [McDonald et al., 2012; Wang et al.,
2007; Werner et al., 2012b]. Representative sequences and correspondent taxonomic as-
signment were used to build a table of OTU abundances at different levels of taxonomy.
Microbial community diversity within and across the samples was determined using the QI-
IME (v.1.7.0) pipeline and Primer v6 software [Caporaso et al., 2011; Clarke et al., 2006].
The Bray Curtis similarity metric was generated and represented by a 2-dimensional non-
metric multidimensional scaling (nMDS) plot [Clarke et al., 2006]. Statistical analysis was
performed in R on the alpha diversity indices (Shannon index). Additionally, an analysis of
similarities (ANOSIM) was conducted on the Bray Curtis dissimilarity matrix (square root
transformed) using PRIMER v6.
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3.4 Results and Discussion
This section presents a summary and discussion of the the results from the experiments
described in the previous section. The trends in biodegradation of TOrCs in microcosms is
discussed first, followed by the results of the microbial community sequencing analysis. The
section closes with a discussion of results from column experiments.
3.4.1 TOrC biodegradation in microcosms
TOrC biodegradation occurred consistently across experimental replicates, with the ex-
ception of the organophosphate flame retardants (discussed below). Figure 3.1 shows biodegra-
dation of (A) oryzalin, (B) benzotriazole, (C) atrazine, (D) prometon, (E) fipronil, and (F)
diuron, as concentrations were reduced in biotic microcosms relative to biologically inhib-
ited controls. Little TOrC removal was observed in raw runoff controls. Some removal of
oryzalin, benzotriazole, and fipronil was observed in controls with straw and compost DOC,
though to a much lesser extent than biotic microcosms (Figure B.5). The biodegraded frac-
tion of each TOrC at the end of the experiment varied widely (Table B.6, Figure B.6).
Oryzalin biodegradation occurred the most quickly, being completely removed from all bi-
otic microcosms after 40 days (Figure 3.1A). TP generation in biotic microcosms further
confirmed biodegradation of atrazine, fipronil, and diuron; with desethylatrazine (Figures
1C), fipronil sulfone (Figure 3.1E), and DCPMU (Figure 3.1F) as the most prevalent TPs,
respectively (additional TPs in Figure B.7). The mass balance error for atrazine and diuron
(the difference between TOrC concentrations in raw runoff controls, and the sum of TOrC
and TP concentrations in biotic microcosms) did not exceed 10% until after 60 days (Ta-
ble B.7), suggesting further degradation of primary TPs to other unmonitored TPs after this
period. Fipronil mass balance errors exceeded 10% after only 13 days, suggesting generation
of primary TPs besides fipronil sulfone and fipronil sulfide.
Microcosms with added DOC biodegraded more TOrCs to greater extents, supporting
the hypothesis that DOC would enhance TOrC biodegradation. Compost microcosms most
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Figure 3.1 Degradation of (A) oryzalin, (B) benzotriazole, (C) atrazine, (D) prometon, (E)
fipronil, and (F) diuron in microcosms and biologically inhibited raw runoff controls. Error
bars indicate standard deviations. The most prevalent transformation products (TPs) are
also shown for atrazine, fipronil, and diuron (3,4-dichloromethylphenyl urea, DCPMU).
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effectively and consistently biodegraded TOrCs, achieving superior removal of benzotriazole,
atrazine, prometon, and fipronil (Figure 3.1). Oryzalin, benzotriazole, and fipronil were also
biodegraded to lesser extents in straw microcosms. Raw runoff microcosms showed the most
limited biodegradation potential, consistently degrading only oryzalin and benzotriazole.
Diuron biodegradation in raw runoff microcosms was variable, with standard deviations
from averaged concentrations exceeding 50%. While TCPP and TCEP were in general
resistant to biodegradation, they were suddenly and rapidly biodegraded in a single (outlier)
biotic raw runoff microcosm after 30 days (Figure 3.2, excluded from averaged results for
all TOrCs in Figure 3.1). Interestingly, this microcosm most effectively biodegraded TOrCs
overall (Table B.6), as it also most effectively degraded fipronil (with fipronil sulfide rather
than fipronil sulfone as the main TP) and benzotriazole (Figure B.8). Increasing OD, as
well as decreasing DO and DOC, indicate accelerated microbial growth in this microcosm
(Figure B.1, Table B.5).
Figure 3.2 Sudden and rapid degradation of (A) TCEP and (B) TCPP in outlier raw runoff
microcosm, compared to other microcosms and biologically inhibited controls. Degradation
of other TOrCs in the outlier microcosm is shown in Figure B.8.
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Trends in lag time (delays before biodegradation) provide insight into biodegradation
mechanisms. For example, oryzalin, benzotriazole, and fipronil were consistently biodegraded
throughout the experiment. This suggests cometabolism, or biodegradation by constitutively
expressed, non-specific enzymes. Growth of bacteria with diverse metabolic capabilities in
response to DOC availability may explain DOC-enhanced biodegradation of these TOrCs. In
contrast, atrazine and prometon biodegradation began after 30 days. This lag time may have
been due to depletion of preferential C substrates, causing subsequent adaptive expression of
TOrC-degrading enzymes [Amador et al., 2010; Dinamarca et al., 2002] or reduced substrate-
substrate inhibitions [Liu et al., 2014]. These TOrCs were biodegraded only in the presence
of compost DOC, suggesting that compost microcosms contained more active bacteria that
adaptively expressed dealkylation enzymes. Shifts in community structure can also cause
lag periods, but are difficult to reproduce. The abrupt depletion of TCEP and TCPP in the
outlier microcosm is consistent with the sudden growth of specialist degrading bacteria, as
there was also evidence for greater microbial activity after this delay.
Overall, additional insight into the established microbial communities is necessary to ex-
plain the observed trends. It would be interesting to determine if improved TOrC biodegra-
dation in presence of DOC was stimulated by shifts in community structure, or by simpler
processes such as enhanced growth and survival, as this will indicate the degree to which
microbial activity can be manipulated by C source. In this respect, it is especially desirable
to understand the microbial drivers behind enhanced TOrC biodegradation in compost DOC
microcosms, as their consistent biodegradation trends suggest that these effects are replica-
ble even for complex microbial consortia and DOC compositions. Further, better insight into
the causes of lag periods is also necessary. Lag periods may be problematic if TOrCs pass
through treatment systems before biodegradation is initiated, making coincidental amend-
ment on biofilters with C sources and biochar especially attractive.
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3.4.2 Microcosm microbial communities
2D nMDS analysis revealed community clustering according to DOC type (Figure 3.3),
supporting the hypothesis that DOC availability would affect community structure. All se-
quenced communities shared 44% similarity (Bray Curtis), indicating that greater than half
of the initial consortium from raw runoff was affected by the added DOC (dendrogram shown
in Figure B.9). Communities were quite similar between straw and compost DOC micro-
cosms (58% similarity), and were shifted from raw runoff communities (less than 50% simi-
larity). Compost DOC communities showed the greatest similarity among replicates (73%),
reflecting their consistent biodegradation trends, while straw DOC communities showed 58%
similarity. While two raw runoff communities shared 72% similarity, they showed less than
50% similarity to the outlier microcosm. The outlier microcosm community was also shifted
from straw and compost microcosm communities, reflecting its uniquely strong biodegrada-
tion potential.
Greater microbial quantities in straw and compost microcosms suggest that shifts in
community structure were due to growth in response to DOC availability (Table 3.1). In
particular, compost DOC microcosms contained on average eight times more cells/mL than
raw runoff microcosms (not including the outlier), and showed the most consistent microbial
quantities. The outlier microcosm (R1 in Table 3.1) also showed elevated microbial quan-
tities. Straw microcosms showed variable microbial quantities, with only one microcosm
containing significantly more cells/mL than raw runoff microcosms. This microcosm exhib-
ited TOrC degradation behavior similar to the other replicates (Table B.6), suggesting that
the additional bacteria present may have been inactive or not contributed to TOrC degrada-
tion. As shifts in community structure suggest growth in all straw microcosms, it is possible
that nutrient depletion caused some bacteria to become inactive in these microcosms.
Microcosms also showed differences in alpha diversity, as shown in Table 3.1 by the Shan-
non Index (indicates community richness and evenness). Compost DOC enhanced diversity
(Shannon Index 3.3 ± 0.1 for raw runoff microcosms, 3.6 ± 0.1 for compost microcosms),
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Figure 3.3 Two-dimensional non-metric multidimensional scaling (2D nMDS) plot of micro-
cosm microbial communities, and Bray Curtis similarities between clustered communities.
Table 3.1 Shannon Index and microbial quantity (gene copy numbers/mL) for sequenced
microcosm samples. Parentheses denote standard deviations.
Microcosm Shannon Index Cells/mL x 106














Average 3.44 (0.44) 15.1 (12.8)
51
potentially suggesting that greater diversity caused broader TOrC biodegradation potential
in compost microcosms. Results for straw microcosms were less consistent: while two micro-
cosms showed enhanced diversity relative to raw runoff, one microcosm had especially low
diversity (S2 in Table 3.1). The diversities were similar among all raw runoff microcosms,
suggesting that factors other than diversity caused the superior TOrC biodegradation po-
tential of the outlier microcosm. The greater cell quantity and unique community structure
of this microcosm, in addition to evidence for accelerated microbial growth, suggest that its
unique behavior was caused by the sudden growth of specialist bacteria.
Compost and straw microcosms differed in composition from raw runoff microcosms. Fig-
ure 3.4 shows that the relative abundances of several OTUs at the genus level were enriched
by greater than an order of magnitude in straw and compost microcosms (additional OTUs
shown in Figure B.10). Many of the DOC-enriched OTUs facilitate N-cycling processes,
including those within the families Rhodospirlliceae (N2-fixation) [Madigan et al., 1984],
Nitrospirae (Nitrospira; nitrite-oxidation) [Hovanec et al., 1998], Comamonadaceae (Coma-
monas ; denitrification) [Willems & Vos, 2006], and Rhodocyclaceae (Thauera; denitrification)
[Waterbury, 2006]. This finding reflects previously observed coincidental enhancement of ni-
trification and TOrC biodegradation for wastewater communities. [Helbling et al., 2012; Koh
et al., 2009]. Such behavior has been attributed to positive associations between biodiversity
and functional diversity [Johnson et al., 2014] as more diverse communities are more likely
to contain both N-cycling and TOrC-degrading bacteria. Compost DOC microcosms fit this
profile, as they showed enhanced TOrC degradation potential, greater alpha diversity, and
enriched relative abundances of N-cycling bacteria.
Straw and compost microcosms differed most significantly in relative abundances of the
genus Pseudomonas. This OTU was more than two orders of magnitude greater in straw
microcosms, and the reduced alpha diversity in one straw microcosm was due to domination
by this OTU (Figure B.10). While some Pseudomonas species are known to degrade a vari-
ety of TOrCs, including atrazine [Assaf & Turco, 1994], their abundance was not positively
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Figure 3.4 Select differences in OTU relative abundance between microcosms. Averaged
relative abundances for replicate microcosms are shown as bars, and relative abundances
from the outlier microcosm are shown as markers. Error bars represent standard deviations
from averaged values. Bar charts for individual microcosms showing all detected OTUs are
shown in Figure B.10 (N.D. = not detected).
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associated with TOrC degradation (Method B3, Tables S8-S11). As Pseudomonas can regu-
late their metabolism to utilize preferential carbon substrates [Rojo, 2010], it is possible that
this OTU dominated straw communities because it superiorly competed for initially available
carbon substrates. Thus rapid growth of this OTU may have caused nutrient depletion and
subsequent inactivation of some bacteria in straw microcosms, as has also been suggested by
previously discussed observations (Figure 3.3, Table B.1 and Table B.4). Such nutrient deple-
tion could also explain inconsistencies from previous observations of straw-enhanced atrazine
utilization as a N source [Alvey & Crowley, 1995]: atrazine-degrading Pseudomonas species
may have become inactive before being exposed to atrazine. The outlier microcosm showed
pronounced compositional differences: the relative abundances of three OTUs within the
family Sphingomonadaceae were enriched by up to nearly three orders of magnitude relative
to all other microcosms (markers in Figure 3.4). Sphingomonadaceae contains several genera
of bacteria known to degrade a variety of C substrates, including Sphingomonas [Gabriel
et al., 2005; Waterbury, 2006], suggesting that these bacteria may be specialist TCEP and
TCPP degraders.
Overall these results reveal that the presence of DOC enhanced TOrC biodegradation
potential by promoting microbial growth and diversity, and highlight the importance of
maintaining a balanced community. Importantly, compost may be a more effective C source,
as survival of microbial communities in presence of straw may be limited upon exhaustion
of leachable DOC. However, compost is sometimes viewed as undesirable for infiltration
applications because it can increase nutrient and metal loads [Mullane et al., 2015]. This
makes a compost-biochar layered configuration especially promising, as biochar can increase
removal of metals and nutrients [Beesley et al., 2010; Reddy et al., 2014].
3.4.3 Column Experiments
Sand-only columns revealed that biofilms established by compost DOC exhibited superior
TOrC retention. Figure 3.5 shows that most TOrCs were retained for at least 100 PVs
(breakthrough when C/C0 > 0.1) in sand-only compost columns, while sand-only straw
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columns achieved little to no TOrC retention (additional results in Figure B.11). These
observations are consistent with enhanced TOrC sorption into the biofilm established on
sand by compost DOC. Method of Moments analysis (Figure B.12) revealed greater removal
of methylbenzotriazole, atrazine, TCEP, and TCPP in sand-only compost DOC columns
(as compared to straw DOC), potentially due to biodegradation within columns. Reflecting
on results from the microcosm experiments, enhanced TOrC attenuation in the presence of
compost DOC may have been due to compost DOC providing conditions better suited for
microbial survival. Greater DO consumption in compost columns further indicated greater
biological activity in these columns (Figure B.4).
Biochar-sand columns revealed that even low amounts of biochar (0.5 wt%) under highly
fouled conditions improved TOrC retention, particularly when compost DOC was present.
Figure 3.5 shows that TOrCs were retained for nearly 200 PVs by biochar-sand columns in
presence of compost DOC, relative to less than 100 PVs for straw DOC. Compost DOC also
achieved greater overall removal of atrazine, TCEP, and TCPP (Figure B.12). Biological
activity contributed to this enhanced removal, potentially indicating TOrC biodegradation,
as biologically inhibited columns showed higher effluent compositions (Figure 3.5) and less
removal of atrazine, TCEP, and TCPP (Figure B.12). Diuron was exceptionally well removed
overall, as has been observed previously [Cornelissen et al., 2005b; Ulrich et al., 2015], with
no diuron breakthrough being observed in any biochar-sand columns (Figure B.11). Such
enhanced retention despite extreme fouling is notable, as fouling is a major concern for actual
systems. As fouling effects will likely be less apparent at higher biochar doses, these results
suggest that TOrC retention may be maintained under realistic treatment conditions.
It would be especially beneficial if TOrCs could be biodegraded while sorbed to biochar
or DOC, as the time allowed for biodegradation could be increased from days (limited by
the hydraulic retention time, or the time in the dissolved phase) to years (limited by the
contaminant retention time, or the total time in the system) [Ulrich et al., 2015]. Despite
the prevailing paradigm that sorbed contaminants are not bioavailable, previous results have
55
Figure 3.5 Breakthrough of (A,B) atrazine, (C,D) methylbenzotriazole, and (E,F) TCPP
in column tests. Columns were injected with 10 µL TOrCs then flushed with TOrC-free
synthetic stormwater.
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suggested that biodegradation of sorbed TOrCs is possible [Park et al., 2003; Tong et al.,
2014]. The results presented here suggest that some TOrCs may have been biodegraded
in the sorbed phase. The hydraulic retention time for all columns was 2.3 hours, which is
significantly shorter than the timescales for TOrC biodegradation indicated by the microcosm
experiments (e.g., approximately 40 days for 50% atrazine biodegradation). While this
suggests that atrazine would not be biodegraded significantly if it were biodegraded only
in the dissolved phase, Figure B.12 shows that all compost columns obtained at least 40%
atrazine removal. Part of this removal may have been due to biodegradation, as inhibition of
biological activity following biofilm formation reduced atrazine removal by 20% in biochar-
sand columns. Further, atrazine removal appeared to be related to contaminant retention
time: biochar-sand columns obtained approximately twice as much atrazine removal, and
retained atrazine for approximately twice as long. While these results potentially suggest
TOrC biodegradation in the sorbed phase, it is also possible that fouling biochar with DOC
enabled TOrCs to be more readily desorbed and hence more bioavailable [Lefevre et al.,
2013]. The intermittent flow conditions in an actual treatment system could further benefit
biodegradation processes, as stagnant periods could allow increased time for slow desorption
and subsequent biodegradation.
3.5 Environmental Implications
The results of this study strongly suggest that biodegradable C sources can increase
TOrC attenuation in infiltration systems, and that a compost-amended bioinfiltration layer
may provide DOC that promotes the growth and survival of communities with greater TOrC
biodegradation potential. These observations make the application of a layered treatment
system particularly attractive, as a lower biochar-amended layer would allow increased TOrC
sorption and biodegradation, while also potentially removing undesirable contaminants that
leach from compost. The ability to use compost also makes the application of vegetated bioin-
filtration systems more viable, potentially allowing further enhancement of TOrC biodegra-
dation in the root zone [Lefevre et al., 2012b, 2013]. Such a system could significantly
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improve upon the water quality benefits offered by conventional biofilters, and broadly im-
prove removal of other contaminants in addition to TOrCs, including nutrients, metals, and
bacteria [Beesley et al., 2010; Mohanty et al., 2014; Reddy et al., 2013, 2014]. Therefore,
these findings motivate further studies that more broadly evaluate contaminant removal un-
der conditions representative of actual field conditions (i.e., higher biochar doses, vegetation,
intermittent flow), such that the potential water quality benefits offered by biochar-amended
bioinfiltration systems can be fully realized.
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CHAPTER 4
BIOCHAR AMENDMENT IMPROVES CONTAMINANT REMOVAL IN VEGETATED
STORMWATER BIOFILTERS
Modified from an article that is being prepared for submission to Environmental Science:
Water Research and Technology
Bridget A. Ulrich,1,2 and Christopher P. Higgins1,3
4.1 Abstract
The potential for improved contaminant removal (e.g., removal of trace organic contam-
inants, TOrCs; and nutrients) in biochar-amended stormwater biofilters was evaluated in
intermittently dosed column experiments. Columns containing layers amended with biochar
or granular activated carbon (GAC) were evaluated relative to performance benchmarks set
by columns representing conventional systems (sand filters and vegetated biofilters). Biochar
amendment (6.7 wt%, 33 vol%) strongly improved TOrC removal, even in the presence of
fouling by an upper compost layer: biochar-amended biofilters maintained greater than 99%
TOrC removal throughout five months of dosing with TOrC-spiked creek water (equivalent
to approximately 1.3 years of runoff volume), relative to less than 50% removal of most
TOrCs by unamended biofilters. GAC-amendment (6.7 wt%, 12.5 vol%) less effectively
improved TOrC removal in biofilters (70% to >99%), suggesting that biochar’s lower den-
sity and smaller particles improved performance. These results imply that biochar-amended
biofilters may effectively remove TOrCs for multiple years, as treatment depths greater than
the 10 cm experimental depth evaluated here are feasible for full-scale systems. Nutrient re-
moval was also improved in biochar-amended biofilter columns: dosing experiments following
six months of conditioning revealed load reductions of greater than 60% for total organic
1Department of Civil and Environmental Engineering, Colorado School of Mines
2Primary researcher and author
3Corresponding author
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carbon, total nitrogen, nitrate, and total dissolved phosphorus relative to unamended biofil-
ters. These findings demonstrate the potential of biochar to broadly improve the function
of stormwater biofilters, motivating their application at larger scales.
4.2 Introduction
Urban runoff is a significant contributer to the degradation of receiving water quality
[Reeves et al., 2004; Rey, 2002; Walsh et al., 2005, 2016], yet flood control has historically
been prioritized over water quality [Dhakal & Chevalier, 2016]. Low Impact Development
(LID), which aims to preserve the permeability of urban landscapes, has become a popular
approach for simultaneously improving water quality and preventing flooding [Hunt et al.,
2010]. An emerging body of literature has revealed good removal of suspended sediments,
heavy metals, and hydrophobic organic contaminants in these [Bratieres et al., 2008; Davis
et al., 2003; Hatt et al., 2007; Hsieh & Davis, 2006; Trowsdale & Simcock, 2011], but highly
variable removal of dissolved nutrients (nitrate in particular) and indicator bacteria (e.g.,
Escherichia coli, E. Coli ; and total coliforms, TC) [Davis et al., 2006; Henderson et al.,
2007; LeFevre et al., 2015; Leisenring et al., 2012]. Further, unsaturated, intermittent flow
conditions in these systems can cause early contaminant breakthrough [Hsieh & Davis, 2006;
Padilla et al., 1999] and leaching of initially immobilized contaminants [Mohanty et al., 2013;
Mullane et al., 2015].
Removal of trace organic contaminants (TOrCs; e.g., urban-use biocides, flame retar-
dants) in LID systems has been less widely studied, yet recent studies have revealed poor
or highly inconsistent removal of polar TOrCs (e.g., atrazine, simizine, and fipronil) [An-
derson et al., 2016; Zhang et al., 2014]. These contaminants are of emerging significance
to stormwater treatment: while they are not yet regulated under the National Pollutant
Discharge Elimination System (NPDES), TOrCs (or their degradation products, TPs) are
often toxic to aquatic organisms [Bellas et al., 2005; Schlenk et al., 2001], widely detected in
urban runoff [Carpenter et al., 2016; Gan et al., 2012; Zgheib et al., 2012], and persistently
contaminate urban streams [Carpenter et al., 2016; National Research Council, 2009; USGS,
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2008]. Development of novel, cost-effective approaches to improve TOrC removal may enable
practitioners to pro-actively treat stormwater for TOrCs. Further, a more comprehensive
understanding of LID system performance may enable policy-makers to set regulations to
promote stormwater management practices that more effectively protect urban water quality
[Brown, 2005; Dhakal & Chevalier, 2016].
Amendment of stormwater biofilters (i.e., rain gardens, or vegetated infiltration basins
containing ’bioretention mixtures’ of sand and compost) with biochar is especially promising
for improved TOrC removal. In addition to providing a cheaper alternative to engineered
black carbon (BC) sorbents (e.g., costs exceeding ✩2000/tonne for granular activated car-
bon, GAC [United States Environmental Protection Agency Office of Water, 2014]; relative
to break-even costs below ✩250/tonne for biochar [Ahmad et al., 2014]), biochar has demon-
strated strong sorption of TOrCs from stormwater [Shimabuku et al., 2016; Ulrich et al.,
2015], and has shown promise for improved removal of nutrients [Bock et al., 2015; Reddy
et al., 2014] and indicator bacteria [Mohanty et al., 2014]. However, these studies have also
brought to light several potential engineering challenges. In particular, wide variability in
biochar properties, resulting from non-standardized production practices, has complicated
its application as an engineered material. Further, slow sorption kinetics may limit TOrC
removal at conditions relevant to LID systems (i.e., high flow rates, short treatment depths,
and low volume compositions) [Ulrich et al., 2015]. Finally, and perhaps most detrimentally,
leached dissolved organic carbon (DOC) can foul biochar surfaces. In particular, one study
found that mixture of biochar directly into bioretention media did not reduce leaching of
metals, nutrients, or DOC [Iqbal et al., 2015]. While fouling effects may be avoided to some
degree in sand infiltration systems, vegetated biofilters have several attractive additional ben-
efits, including improved nutrient removal [Bratieres et al., 2008] and TOrC biodegradation
[Lefevre et al., 2012a; Ulrich et al., 2016]. A layered treatment configuration could poten-
tially solve this conundrum, as fouling effects may be mitigated if biochar and bioretention
media were separated. Therefore, the performance of layered, biochar-amended stormwa-
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ter biofilter is of particular interest, and their evaluation under representative conditions is
essential.
The objective of this study was to evaluate the effectiveness of biochar amendment for en-
hanced TOrC removal in stormwater biofilters in intermittently dosed column experiments.
The TOrC removal performance of columns containing layers amended with biochar and
GAC was evaluated against performance benchmarks set by columns representing conven-
tional infiltration systems (sand filters, vegetated biofilters). TOrC removal was evaluated
throughout five months of dosing with TOrC-spiked creek water, and then additional tests
were conducted to assess the removal of ambient levels of nutrients, metals, and indicator
bacteria. The results from this study provide insight into the potential of biochar to broadly
improve contaminant removal in biofilters, and provide motivation for their application for
TOrC removal.
4.3 Experimental
The following section describes the analytical methods, experimental set-up (i.e., the
apparatus used and treatment configurations evaluated), and experimental procedure (i.e.,
the column dosing and sampling procedures) used for this study.
4.3.1 Analytical Methods
A suite of representative stormwater TOrCs was selected according to their presence
in stormwater and potential mobility in treatment systems, as described elsewhere [Ulrich
et al., 2015], and included benzotriazoles (5-methyl-1H-benzotriazole and 1H-benzotriazole),
triazine herbicides (atrazine, simazine, and prometon), organophosphate flame retardants
(tris(3-chloro-2-propyl)phosphate, TCPP; tris(3-chloro-ethyl)phosphate, TCEP), and several
other other urban-use biocides (diuron, oryzalin, fipronil, and 2,4-dichlorophenoxyacetic acid;
2,4-D). Samples for aqueous TOrC analysis were collected in glass vials and stored at -18◦ C
for less than a month prior to analysis by liquid chromatography tandem mass spectrometry
(LC-MS/MS, see Appendix B, Method B.1 for additional details). Immediately prior to
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LC-MS/MS analysis, samples were diluted with isotope surrogate in 2 mL microcentrifuge
tubes (1800 µL sample diluted with 200 µL of 4 µg/L isotope surrogates in methanol)
and centrifuged at 13,000 RPM for 10 min before being transferred to autosampler vials. A
subset of un-centrifuged samples was also analyzed during each run, confirming that particle-
associated TOrCs were not being removed by centrifugation.
Samples for total organic carbon (TOC) and total nitrogen (TN) analysis were collected
directly in glass autosampler vials, acidified with phosphoric acid, and stored for up to a
week at 4◦ C prior to analysis using a Shimadzu TOC Analyzer. Samples for elemental
analysis (determined by inductively coupled plasma atomic absorption spectrometry, ICP-
AES) were collected in plastic centrifuge tubes, and were filtered to 0.45 µm and acidified
with trace metals grade nitric acid prior to storage for up to a week at 4◦ C. Total dissolved
concentrations are reported for elements that showed differences in removal among columns
(i.e., total dissolved phosphorus, TDP; copper, Cu; and zinc, Zn). Samples for nitrate
analysis were stored at -18◦ C for up to 14 days prior to being thawed overnight at 4◦ C and
analyzed using a Hach TNTplus Low Range Nitrate kit (0.2 – 13.5 mg/L NO3-N) according
to the manufacturers instructions. Previous studies have shown nitrate concentrations in
samples with low levels of nutrients and DOC to be relatively stable when stored in this
manner [MacDonald & McLaughlin, 1982; Mech, 2008]. The most probable number per 100
mL of sample (MPN/100 mL) was determined for the indicator bacteria Escherichia coli (E.
coli) and total coliforms (TC) using an Idexx Colilert➤ Quanti-Tray/2000 according to the
manufacturer’s instructions, and samples were collected directly in 100 mL sample bottles
and analyzed within three hours of collection.
4.3.2 Experimental Set-up
Infiltration media. The compositions of the BC-amended media and the compost amended
media are described in Table 4.1. The BC-amended infiltration media was a mixture of Sand
II and either biochar or GAC at 6.7 wt% (33 vol% biochar, 12.5 vol% GAC). The biochar was
produced from pine wood by gasification at the Mountain Crest Gardens nursery (GroPro;
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Etna, CA), and was selected due to its high surface area (351 m2/g) and superior TOrC
retention performance demonstrated in previous studies [Ulrich et al., 2015, 2016]. Prior to
being mixed with sand, the biochar was sieved to remove large particles, rinsed over a screen,
and air dried (12 - 40 mesh, 1.68 - 0.420 mm particles). A representative bulk engineered
GAC was obtained from Custom Aquatic (Premium Bulk GAC, coconut-shell-derived, 4.57-
2.36 mm particles), and was used as received.
The compost-amended infiltration media was composed primarily of Sand I (Table 4.1),
which allowed improved plant growth due to greater moisture retention. A non-manure
based compost (Organic Eko-Compost) was sieved (12 mesh, less than 1.68 mm particles)
and mixed with Sand I (1:4 compost:sand by volume), as adapted from local guidelines for
the composition of bioretention growing media [UDFCD, 2010]. Compost-amended media
was planted with two types of native grasses to establish both shallow and deep root zones
(short-rooted dog tuff grass and long-rooted Carex nebraskensis). Grasses were germinated
from seed (seeds obtained from Granite Seed and Erosion Control; Denver, CO), transplanted
into pots with compost-amended media, and grown on irrigation for one month prior to being
transplanted into columns.
Apparatus and treatment configurations. A schematic and a photograph of the experi-
mental column apparatus are shown in Figure 4.1. Columns consisted of 50 cm long, 6 inch
(15.24 cm) nominal diameter PVC tubes fixed with PVC endcaps. Stainless steel drains
were seated between the tubes and endcaps to hold the infiltration media within the col-
umn. Clear acrylic tubing (2.54 cm inner diameter) was fastened horizontally to the endcap
base, and extended vertically from an elbow to the top of the column. Holes drilled in the
vertical portion of the acrylic tubing were fastened with steel pipe nipples and caps to allow
draining from specified levels, and a hole drilled in the horizontal tubing was fastened with a
valve was to allow sample collection and complete draining of columns between experiments.
The five treatment configurations evaluated are shown in Table 4.1 (four replicates of
each configuration, 20 columns total). Two configurations represented conventional systems
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Figure 4.1 (A) Schematic of experimental column apparatus, and (B) photograph of columns
with matured grasses.
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Table 4.1 Details on column configurations and treatment conditions, and averaged infiltra-
tion rates at the beginning (after one month of conditioning) and end (after five months of
dosing) of the TOrC dosing experiment, as determined by drainage times.
Conventional BC-amended























None Compost None Compost Compost
Amendment
amount
- 20 vol% - 20 vol% 20 vol%
Base
media



















Infiltration 1 month 30 (8) 23 (7) 36 (6) 20 (6) 22 (9)
rate (cm/hr) 6 months 28 (9) 19 (6) 34 (2) 17 (5) 20 (9)
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(Configuration A, sand filter; Configuration B, biofilter) and three configurations represented
BC-amended systems (Configuration C, biochar-amended, unplanted sand filter; Configura-
tion D, biochar-amended biofilter; Configuration E, GAC-amended biofilter). Each config-
uration consisted of (1) a 10 cm ‘planted layer’ of either the fine sand (Configurations A
and C) or the compost-amended infiltration media (Configurations B, D, and E), (2) a 10
cm ‘BC-amended layer’ containing either the coarse sand (Configurations A and B) or the
BC-amended infiltration media (Configurations C and D biochar-amended, Configuration E
GAC-amended), and (3) a 10 cm drainage layer containing (from top to bottom): 2.5 cm
coarse sand, 2.5 cm small gravel (Premier Silica, less than 5 mesh, 4 mm particles), and 2.5
cm pea gravel (QUIKRETE➤All-Purpose Pea Gravel, rinsed prior to use) on top of a 2.5
cm Matala filter pad (Webb’s Water Garden). Water was applied at the top of the columns
to a 20 cm ponding zone.
4.3.3 Experimental Procedure
The experiment was carried out in a temperature-controlled greenhouse from February
to July 2016 (temperatures ranged from approximately 13◦C to 27◦C). As described below,
columns were initially conditioned for one month, dosed with two different volumes of TOrC-
spiked creek water (first a low volume dosing period, then a high volume dosing period) of
five months, and then assessed for removal of additional contaminants in a final dosing test.
Intermittent testing of dissolved oxygen levels confirmed aerobic conditions in all columns
throughout the experiment.
Column conditioning. During the one month conditioning period, 2 L (slightly greater
than the 1.6 ± 0.1 L pore volume of the infiltration media in layers 1 and 2) of surface
water (collected weekly from Tucker Gulch in Golden, CO) was applied to columns every
two to four days (twice weekly for four weeks). These conditions represented a basin sized
to 2% of its catchment area [Bratieres et al., 2008], treating 50% of the catchment’s total
precipitation volume [UDFCD, 2010] from a 1 year, 15 min storm in the Denver area [NOAA,
n.d.] during each application. Water was drained from the lowest pipe nipple (Figure 4.1A)
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during each application, and the bottom valve was open between water applications to
allow columns to drain. Initial analysis of un-spiked influent and effluents revealed that
no TOrCs were present above their detection limit of 0.025 ➭g/L. The required drainage
times increased and then stabilized near the end of the column conditioning period. Average
infiltration rates (determined volumetrically by total drainage time, Table 4.1) appeared to
be limited by compost amendment, and changed by less than 10% throughout the TOrC
dosing experiment (described below). Initial infiltration rates (during the first two minutes
of draining) were on average four times greater than the averaged infitration rates.
Column dosing. Once the columns were conditioned long enough for the grasses to
mature (Figure 4.1B), dosing with TOrC-spiked influent (Tucker Gulch water spiked with
0.002 vol% of a 500 mg/L solution of TOrCs in methanol) and collection of effluent samples
for TOrC analysis were initiated, using the same dosing volume and water as described
for the conditioning period. Samples were collected from the 45 L influent reservoir at the
beginning, middle, and end of each dosing experiment to confirm that the influent reservoir
was homogeneously mixed. During each dosing, water was drained from the lowest pipe
nipple until dripping ceased, such that the remaining water could be collected from the
acrylic tube using the draining valve. Columns were allowed to drain completely between
dosing experiments. This initial ‘low volume’ dosing period was carried out for 15 weeks
(i.e., 60 L of TOrC-spiked water total applied to each column, simulating 0.3 years of runoff
volume for an area receiving 43 cm of rain per year).
To enable dosing of more than a year’s worth of equivalent runoff volume within exper-
imental time constraints, the dosing volume and frequency were increased for the following
seven weeks. During this ‘high volume’ dosing period, approximately 1000 L of raw Clear
Creek water were collected weekly from a pressure relief valve at the drinking water treat-
ment plant in Golden, CO. Columns were dosed with 8.4 L of TOrC-spiked water (three
successive doses of 2.8 L), simulating a 10 year, one hour storm in the Denver area [NOAA,
n.d.] four times weekly (2 days or less between dosing experiments). This resulted in a total
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treatment volume of 262 L per column at the end of the experiment (1.3 years equivalent
runoff volume as described above). After the last dosing experiments with TOrC-spiked wa-
ter (six months into the experiment), a final dosing experiment was conduced with un-dosed
water to evaluate the removal of ambient levels of metals, nutrients, and indicator bacteria.
4.4 Results and Discussion
This section discusses the results obtained in the experiments described above. First,
the results for TOrC removal in columns throughout the experiment is described, and then
results for removal of additional stormwater contaminants during the final dosing experiment
are discussed.
4.4.1 Removal of TOrCs
TOrC removal by conventional configurations. Figure 4.2 shows that conventional sand
filter columns were ineffective for TOrC removal, in general. While some removal of methyl-
benzotriazole (potentially degrading to benzotriazole, Figure C.2A), 2,4-D, and TCPP was
observed during the low dosing period (likely caused by dilution with initially stagnant water,
due to the low dosing volume), all TOrCs were poorly removed in these columns during the
high volume dosing period. Conventional biofilter columns obtained better TOrC removal
than sand filter columns, though effectiveness varied widely among TOrCs. These columns
obtained moderate removal of methylbenzotriazole, oryzalin, TCPP (i.e., greater than 50%
removal during final dose) and strong removal of diuron (Figure C.2B), but little removal
of the triazine herbicides (atrazine in Figure 4.2A, simazine and prometon in Figure C.2),
2,4-D, TCEP, and fipronil (Figure C.2). These performance benchmarks for TOrC removal
reflect observations from the limited previous efforts (i.e., removal of simazine less than 20%
in sand filters and 20 – 50% in biofilters by Zhang et al. [2014]).
TOrC removal by BC-amended configurations. Remarkably, all biochar-amended columns
maintained greater than 99% removal of all TOrCs (effluent concentrations less than 0.025
➭g/L quantification limit) throughout all dosing experiments (Figure 4.2). These columns
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Figure 4.2 Removal (influent-normalized effluent concentration) of (A) atrazine, (B) methyl-
benzotriazole, (C) oryzalin, (D) 2,4-D, (E) TCPP, and (F) TCPP in columns throughout
dosing experiments.
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exhibited effective TOrC removal despite being subject to operating conditions that likely
caused fouling (by DOC leached from compost), preferential flow patterns (due to unsat-
urated flow), and kinetic sorption limitations (due to high infiltration rates and greater
volume compositions of sand). These results are especially relevant for full-scale application,
as full-scale infiltration systems could potentially contain biochar-amended layers of up to
five times greater depth.
GAC amendment also improved TOrC removal relative to conventional biofilter columns,
but was not as effective as biochar amendment. GAC-amended biofilter columns obtained
effective removal (i.e., greater than 95%) of benzotriazoles (methylbenzotriazole, Figure 4.2B,
benzotriazole, Figure C.2A), oryzalin (Figure 4.2C), and diuron (Figure C.2B), and also in
general achieved greater than 50% removal of all other TOrCs throughout the experiment.
These results are likely due to kinetic effects caused by the GAC’s large particle sizes and
low volume composition, as an engineered GAC is expected to have a higher TOrC sorption
capacity than biochar.
Overall, these results suggest that full-scale biochar-amended biofilters (with biochar-
amended layers of up to five times greater depth) may maintain effective TOrC removal for
multiple years, though several uncertainties still remain. For example, concentrations an
order of magnitude greater that the experimental concentration have been reported for some
TOrCs during ’first flush’ storms (e.g., 190 µ/L diuron [Green & Young, 2006]). However,
the 10 µg/L TOrC loading is still significantly higher than levels of biocides expected for
more typical runoff events (i.e., less than 1 µg/L of most biocides observed in all 15 rain
events reported by Zgheib et al. [2012]). Information on concentrations of TOrCs in urban
runoff is scarce, and additional research in this area will be necessary to better characterize
the potential water quality benefits of biochar-amended biofilters.
4.4.2 Removal of Nutrients, Metals, and Indicator Bacteria
Concentrations previously reported in urban runoff, and column influent and effluent
concentrations of nutrients, metals, and indicator bacteria are reported in Table 4.2, and
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Figure 4.3 summarizes the most significant improvements in contaminant removal due to
biochar and GAC amendment (i.e., percent increase in contaminant load reduction in BC-
amended configurations relative to unamended conventional configurations).
Table 4.2 Comparison of reported occurrences in urban runoff to influent and effluent concen-
trations of nutrients, metals, and indicator bacteria from final dosing experiment. Standard
deviations are shown in parentheses (total organic carbon = TOC, TN = total nitrogen, NO3
= nitrate, TDP = total dissolved phosphorus, Cu = dissolved copper, TC = total coliforms,





















74.8b 2.1c 0.14d 0.35c 16d 117d 9200e 26,000e
Influent 1.55 1.50 0.69 0.13 15.7 70.6 14.0 516.2
(0.07) (0.08) (0.16) (0.03) (0.8) (5.5) (2.6) (184.9)
Conventional 1.60 1.55 0.75 BDL 1.3 0.8 6.0 188.0
sand filter (0.04) (0.05) (0.07) (-) (0.2) (0.9) (2.1 (18.6)
Conventional 2.10 2.07 0.67 0.21 2.9 3.4 3.2 112.7
biofilter (0.13) (0.13) (0.07) (0.02) (1.1) (1.6) (0.5) (57.6)
Biochar-amended 0.79 0.70 0.53 BDL BDL BDL 4.9 128.7
sand filter (0.07) (0.08) (0.08) (-) (-) (-) (1.8) (31.4)
Biochar-amended 0.86 0.78 BDL 0.11 BDL BDL 1.9 49.1
biofilter (0.09) (0.09) (-) (0.02) (-) (-) (0.8) (17.8)
GAC-amended 1.74 1.69 0.40 0.21 2.1 2.2 2.0 70.7
biofilter (0.24) (0.25) (0.08) (0.02) (0.6) (1.1) (1.8) (3.2)
aDetection limits: TOC = 0.1 mg/L, TN = 0.5 mg/L, NO3-N mg/L, TDP = 0.01 mg/L, Cu & Zn= 1 µg/L,
E. Coli & TC = 1 MPN/100 mL
bMedian concentration reported by Goonetilleke et al. [2005]
c’Typical’ concentrations according to Bratieres et al. [2008]
dMean and dmedian concentrations reported by Grebel et al. [2013]
Total organic carbon. While the TOC level during the final dosing experiment was low
relative to reported levels for urban runoff (Table 4.2), the same removal trends were ob-
served during earlier dosing experiments where TOC influent levels were more representative
(i.e., influent TOC up to 13 mg/L, Figure C.1). Conventional sand filters showed little TOC
removal during high dosing volume dosing experiments, though up to 59% removal was ob-
served during low volume dosing experiments (likely due to dilution with previously stagnant
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Figure 4.3 Increase in percent removal of total organic carbon (TOC), total nitrogen (TN),
NO3-N (nitrate-N), and total dissolved phosphorus (TDP) in BC-amended configurations
relative to their associated conventional configurations during final dosing test (six months
after first water application). Influent and effluent concentrations are reported in Figure 4.3.
Error values were propagated from the standard deviations from the means in percent re-
moval for the conventional and BC-amended configurations (i.e., propagated as absolute
difference between the two percentage values). A (*) indicates a condition with all replicates
below the detection limit, where the concentration was conservatively assumed to be at the
detection limit.
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water, Figure C.1). Conventional biofilter columns increased effluent TOC levels by up to
61%, and greater increases in TOC were observed during earlier dosing experiments due to
leaching from compost.
All BC-amended configurations showed improved TOC removal relative to their associ-
ated conventional configurations. Biochar-amended biofilters showed the greatest improve-
ment in TOC removal: these columns exhibited a 44% TOC load decrease during the final
dosing experiment, versus a 36% TOC load increase in conventional biofilter columns (i.e.,
79% improved removal, Figure 4.3). Similar effluent TOC levels were observed in biochar-
amended sand filters (Table 4.2), indicating a 52% increase in removal relative to conventional
sand filters. GAC-amended biofilters showed a 23% improvement in TOC removal relative to
conventional biofilters Figure 4.3, though they still showed a 12% TOC load increase relative
to the influent.
These results potentially indicate that the lower portion of the biochar-amended layers in
biofilters were resistant to fouling, allowing the sorptive retention of TOC and TOrCs through
the duration of the experiments. GAC-amended columns were likely more susceptible to
fouling due to the lower volume composition of GAC, allowing breakthrough of TOC and
TOrCs. This finding may provide a cost-effective alternative method to monitor system
performance, as it TOC breakthrough could potentially indicate reduced TOrC-removal
effectiveness.
Nutrients. Expected trends in TN, nitrate, and TDP removal were observed among
conventional column configurations, and influent levels similar to reported occurrence levels
indicate that removal trends are potentially representative of actual systems (Table 4.2).
Conventional sand filters did not significantly reduce influent levels of TN and nitrate, but
did show strong removal of TDP (Table 4.2), likely due to sorption to sand [Tofflemire &
Chen, 1977]. While conventional biofilters did not significantly affect nitrate levels, they
showed increased TN and TDP loadings of 38% and 58%, respectively. This was likely due
to leaching of ammonium from the compost, which could have potentially been partially
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oxidized to nitrite. These results reflect previous observations of the leaching of inorganic N
and P species from compost in bioretention systems [Mullane et al., 2015].
All BC-amended columns showed improved removal of TN and nitrate relative to con-
ventional configurations. Most notably, biochar-amended biofilters reduced influent levels
of TN and nitrate by 48% and 71%, indicating 86% and 68% improved removal relative to
conventional biofilters, respectively (Figure 4.3). GAC amendment was less effective than
biochar amendment for reduction of the leaching of N species in biofilters, while biochar
amendment in sand filters moderately improved removal (approximately 50% greater re-
moval of TN and nitrate than conventional sand filters). Biochar amendment also reduced
TDP leaching in biofilters better than GAC amendment (Figure 4.3), though effluent levels
were still much lower in sand filters (Table 4.2). This finding suggests that unplanted sand
filters (either amended or unamended) may be most suitable if reduced P discharges are
the primary treatment concerns, but biochar amendment may reduce P leaching if biofilters
are preferred to obtain better removal of other contaminants. For the latter case, using a
compost with lower P contents could potentially allow further reductions in P leaching.
The observation of significantly lower nitrate levels in effluents from biochar-amended
biofilters relative to all other treatment configurations is interesting, considering that the
reported removal percentages were conservatively calculated by assuming concentrations
below the detection limit were at the limit of 0.2 mg/L Table 4.2. Increased nitrate removal
in biofilters relative to unplanted sand filters is not surprising, as this has been observed
in previous related studies [Bratieres et al., 2008], and recent research has suggested that
compost amendment can promote the growth and survival of N-cycling bacteria [Ulrich et al.,
2016]. However, these results suggest that biochar plays a key role in N-cycling processes,
particularly as conventional biofilters showed increased TN leaching but little nitrate removal.
These findings reflect previous observations of biochar-enhanced denitrification in den-
itrifying bioreactors [Bock et al., 2015] and reduced nitrous oxide emissions from biochar-
amended soils [Saarnio et al., 2013; Xu et al., 2014]. Recent research has suggested that these
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phenomena may be attributed to biochar’s ability to serve as an electron carrier (particularly
for wood-derived biochars [Saquing et al., 2016; ?]). Moreover, as reports of nitrous oxide
emissions from biofilters due to incomplete denitrification have caused concerns about cli-
mate change impacts [Maia et al., 2012], biochar-amended biofilters could potentially provide
environmental benefits beyond water quality improvement.
Metals. All configurations showed strong removal of metals (i.e., greater than 80%, Ta-
ble 4.2), making the impacts of BC amendment on metals removal less apparent than those
observed for TOrCs, TOC, and nutrients. Conventional sand filters exhibited moderately
better copper and zinc removal than conventional biofilters (approximately 10% greater re-
moval), reflecting previous reports of leaching of heavy metals from compost [Paus et al.,
2014]. Biochar amendment showed some improvement in copper removal in biofilters, but
appeared to have little effect on zinc removal, while GAC-amended biofilters showed little to
no improvement for removal of copper or zinc. These results indicate that biochar amend-
ment could potentially reduce leaching of heavy metals in biofilters, though evaluation of
performance under higher influent loadings could potentially make the benefits of biochar
amendment more evident. Moreover, as previous studies have suggested that biochars pro-
duced at lower temperatures may be more effective for removal of metals [Uchimiya et al.,
2011], further efforts should be undertaken to identify optimal biochars (or mixtures thereof)
to improve metals removal in biofilters.
Indicator bacteria. All column configurations showed at least moderate removal of E.
coli and total coliforms (i.e., at least 50% removal). Conventional sand filters were the least
effective for bacterial removal, while biochar amendment improved removal of both indicator
bacteria by approximately 10% (Table 4.2). Conventional biofilters were more effective than
conventional sand filters (approximately 15% greater removal of both indicator bacteria),
while biofilters amended with either biochar were most effective (i.e., approximately 90%
removal of E. coli and TCs). Therefore, these findings suggest that biochar-amended biofil-
ters may be the most effective configuration for bacterial removal. As influent levels were
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quite low relative to reported occurrence values, additional experiments under higher influent
loadings are necessary, and could potentially make the benefits of biochar amendment more
evident.
4.5 Conclusions and Implications
The results of this study demonstrate that layered, biochar-amended biofilters may be
significantly more effective than conventional systems for long-term removal of TOrCs from
stormwater. Biochar-amended systems maintained remarkably strong TOrC removal while
treating the inequivalent of greater than a year’s worth of runoff volume, even in the presence
of bioretention media that likely caused fouling. This finding indicates that full-scale biochar-
amended biofilters, with treatment depths much greater than the experimental depth of 10
cm evaluated here (e.g., 50 cm [Hatt et al., 2007]), could potentially be effective for TOrC
removal for multiple years. Further, TOrC retention times on the order of years may allow
ample time for TOrC biodegradation in biofilters, as degradation of many TorCs is on the
order of months to years [Ulrich et al., 2016]. As removal of non-degradable metals already
limits biofilter lifetimes to 10 - 15 years [Davis et al., 2003], there is strong potential that
biochar-amended biofilters would maintain effective TOrC removal throughout their entire
lifetime.
The findings of this study further indicate biochar’s potential to improve contaminant
removal in biofilters more broadly. In particular, the nutrient removal results suggest that ob-
servations of biochar-enhanced denitrification in other systems may be extended to stormwa-
ter biofilters. This is particularly interesting, as is implies that biochar amendment may
allow significant reductions in nitrate discharges and nitrous oxide emissions from biofilters,
making application even more attractive from an environmental sustainability standpoint.
In light of the wide variability of biochar properties, as well as the dependence of deni-
trification on other factors (i.e., temperature, moisture retention, and prolonged dryness),
additional efforts to optimize biochar-amended biofilters for nitrate removal would provide
valuable insight. Biochar may offer further advantages in this respect, as it has also been
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shown to increase moisture retention in soil [Novak et al., 2012]. Additional evaluation of
the removal of metals and indicator bacteria should also be undertaken, as the benefits of
biochar amendment may be more evident under conditions that limit the performance of
conventional configurations. Overall, the findings of this study motivate efforts to monitor
contaminant removal performance in full-scale biochar-amended biofilters, and are a step
towards informing regulatory efforts that shift stormwater management practices to better
protect urban water quality.
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The objective of this dissertation was to assess the performance of biochar-amended
biofilters for removal of TOrCs from stormwater- a topic of emerging significance to urban
stormwater treatment which was poorly understood prior to this work. Overall, the aim of
Chapters 2 and 3 was to gain an improved scientific understanding of the TOrC removal
processes relevant to biochar-amended biofilters, while Chapter 5 sought to assess overall
TOrC-removal performance in intermittently dosed column experiments. The findings of
each of these studies are summarized in the following section, and a discussion of the out-
comes and broader significance of these findings is presented in the following section. Finally,
this dissertation concludes with a discussion of recommendations for future work.
5.1 Summary of Findings
The following is a summary of the findings for each objective of this dissertation, which are
presented as a discussion of how each of the findings related to the hypothesis or hypotheses
for each objective.
5.1.1 Objective 1: Evaluation of Abiotic TOrC Removal Processes
The aim of the study described in Chapter 2 was to calibrate and verify a forward-
prediction model using an effective commercial biochar, such that the potential lifetime of
a full-scale could be predicted based on predicted TOrC retention times. The approach of
this study was novel in that a representative matrix containing DOC was used to account
for fouling effects. Further, a forward prediction model was calibrated by carrying out
only simple batch tests, thus enabling forward predictions to be made without conducting
exhaustive column tests. Below is a discussion of how the findings of this study related to
Hypothesis 1:
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Hypothesis 1: A transport model that accounts for kinetic sorption effects can be verified
for TOrC transport in biochar-amended infiltration media, and forward model simulations
will predict TOrC retention times on the order of years for full-scale biochar-amended infil-
tration systems. This hypothesis was tested in a series of batch and column experiments, uti-
lizing a representative stormwater matrix containing DOC and commercial available biochars
to assess materials available in quantities required for full-scale systems. The most significant
findings of this work include:
❼ Screening of commercial biochars in batch sorption experiments revealed that several
high temperature, wood-based biochars sorbed TOrCs nearly as effectively as AC in a
representative stormwater matrix containing DOC. Further, biochars with high total
porosities and mid-range mesoporosities were the most effective, potentially due to
balanced effects of high sorption capacity and fast sorption kinetics.
❼ A transport model that describes kinetic sorption effects as sorption-retarded intra-
particle diffusion, calibrated with simple batch isotherm and kinetic experiments, most
effectively predicted TOrC breakthrough in biochar-amended column experiments.
❼ Forward simulations of the verified transport model predicted TOrC breakthrough to
occur in approximately five years in a full-scale biochar-amended infiltration system.
5.1.2 Objective 2: Evaluation of Biological TOrC Removal Processes
The aim of the study described in Chapter 3 was to determine if biological activity
stimulated by biodegradable organic carbon amendments, in combination with increased
TOrC retention in presence of biochar, could allow for significant TOrC biodegradation
within hydraulic residence times on the order of hours. The approach of this study was novel
in that it sought to maintain environmentally representative conditions (i.e., evaluating the
effects of actual organic carbon sources on representative microbial consortia), and also to
assess both the chemistry and microbiology behind observed trends. Below is a discussion
of how the findings of this study related to Hypotheses 2 and 3:
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Hypothesis 2: Biodegradable organic carbon sources will stimulate microbial growth in
response to increased carbon availability, leading to enhanced TOrC-degrading activity of
representative microbial consortia. To test Hypothesis 2, microcosm experiments were car-
ried out to evaluate how cultivation with DOC from different carbon sources (compost and
straw) affected the TOrC-degrading activity and community structure of a microbial con-
sortium from actual runoff. The most significant findings of this work include:
❼ Microcosms containing any added DOC degraded a broader range of TOrCs to greater
extents than those containing only raw runoff, while microcosms containing compost
DOC showed broader and more consistent TOrC-degrading activity (i.e., degradation
of more different TOrCs) than those containing straw DOC. Most notably, compost mi-
crocosms showed degradation of atrazine and prometon, while straw DOC microcosms
did not.
❼ Microbial sequencing analysis revealed that microbial community structures within mi-
crocosms clustered according to DOC availability (i.e., communities from microcosms
with added DOC were different from those in raw runoff microcosms). This suggested
that changes in microbial community structure, caused by growth on available DOC,
may have been responsible for the enhanced biodegradation observed in microcosms
with added DOC.
❼ Communities in straw and compost DOC microcosms showed relatively high simi-
larities (58% Bray Curtis similarity), and similar bacterial quantities, while compost
microcosms had slightly more even communities. These observations suggest that these
attributes were not the primary reason for the observed differences in TOrC-degrading
activity between the two types of microcosms.
❼ The most significant difference between straw and compost microcosms was a greater
relative abundance of operational taxonomic units (OTUs) from the genera Pseu-
domonas in straw microcosms, and one microcosm even showed a community that
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was dominated by this OTU (relative abundance greater than 10%). These bacte-
ria could have regulated their metabolism to more efficiently utilize the straw DOC,
allowing them to out-compete other bacteria. This is a perplexing result, as several
Pseudomonas species are known to degrade atrazine and prometon, but these TOrCs
appeared to be degraded less when this OTU was present in greater quantities. These
observations suggest that in straw DOC microcosms this particular Pseudomoas OTU
were once present, but were not active when exposed to TOrCs.
❼ Levels of dissolved phosphorus were depleted in straw microcosms at the end of the
experiment, potentially indicating that the nutrient-limited growth conditions estab-
lished by straw DOC may have caused the Pseudomonas OTU to become inactive prior
to TOrC exposure. This suggests that carbon-limited growth conditions may be more
suitable for maintaining microbial activity, potentially providing an explanation for the
more consistent and broad TOrC-degrading activity in compost DOC microcosms.
Hypothesis 3: Biological processes will enhance TOrC removal in biochar-amended infil-
tration media, despite high flow rates and low residence times. Hypothesis 3 was addressed
in biologically active column experiments. Representative microbial consortia from actual
runoff were cultivated using DOC from straw and compost, and then used to seed biofilms on
columns containing sand and biochar. The most significant findings from these experiments
include:
❼ Sand-only columns with biofilms from compost DOC showed significantly more TOrC
retention than those with biofilms from straw DOC, suggesting that the compost DOC
was more effective for biofilm establishment and/or maintenance. This observation
further supported that the carbon-limited growth conditions provided by compost DOC
were more suitable for sustaining microbial activity than straw DOC.
❼ Biochar-amended sand columns obtained longer TOrC retention times relative to those
containing only sand, despite low doses of biochar (0.5 wt%) and fouling by DOC
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(biofilm seeding solutions contained 1000 mg/L or greater DOC). This indicated that
biochar can maintain strong sorptive retention of TOrCs in the presence of extreme
fouling, which would likely be even more evident at the higher biochar volumetric
compositions feasible for full-scale systems.
❼ Biochar-amended columns that were biologically active showed greater overall TOrC
removal (i.e., lower overall TOrC recovery from a prolonged TOrC pulse) than biologi-
cally inhibited, biochar-amended columns, as well as biologically active sand columns.
This finding suggested that increased contaminant retention times allowed biologi-
cal TOrC removal processes (potentially biodegradation) to successfully contribute to
TOrC removal, even at short hydraulic residence times. These effects would also likely
be more apparent in full scale systems with higher volumetric compositions of biochar.
5.1.3 Objective 3: Evaluation of TOrC Removal under Intermittent Flow
The aim of the study described in Chapter 4 was to determine if the TOrC removal pro-
cesses evaluated in previous efforts could be maintained under intermittent flow conditions.
The approach of this study was novel in its representation of actual biofilter configurations
and operating conditions: TOrC removal was assessed in columns containing native grasses,
and columns were intermittently dosed with natural water to biologically condition the in-
filtration media.Below is a discussion of how the findings of this study related to Hypothesis
4:
Hypothesis 4: Biochar-amended infiltration systems can achieve enhanced TOrC removal
relative to conventional systems, and will also show improved contaminant removal more
broadly. This hypothesis was tested by comparing the TOrC removal performance of biochar-
amended and granular activated carbon (GAC)-amended columns to performance bench-
marks set by columns representing conventional configurations (sand filters and compost-
amended, vegetated biofilters). To make predictions for effectiveness over multiple years,
columns with reduced biochar-amended layers (i.e., 10 cm in experimental columns versus
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30 - 50 cm in full-scale systems) were dosed with TOrC-spiked creek water (the equivalent
of over a year’s worth of runoff volume) over five months. The most significant findings from
this work include:
❼ Both biochar-amended sand filters and biochar-amended biofilters maintained greater
than 99% removal of all TOrCs evaluated throughout the entire dosing period, while
columns representing conventional sand filters and biofilters obtained less than 50%
removal, in general. Thus biochar amendment of conventional systems significantly
improved TOrC removal despite many potential detrimental effects, including fouling
by DOC leached from compost, preferential flow patterns caused by intermittent flow,
and short hydraulic residence times.
❼ Breakthrough of TOrCs in columns amended with the same weight composition of
GAC suggested that kinetic sorption effects limit TOrC removal, indicating that higher
volume compositions of biochar (which is less dense than GAC) may be beneficial.
❼ Breakthrough of total organic carbon (leached from compost) was also observed in
GAC-amended biofilter columns but not biochar-amended columns, suggesting that
TOC breakthrough could potentially indicate TOrC breakthrough in absence of TOrC-
monitoring capabilities.
❼ Biochar-amended columns also showed effectiveness for removal of a broader range
of more conventional contaminants. In particular, biochar-amended biofilter columns
demonstrated particularly enhanced nitrate removal, while little to no nitrate removal
was observed in biochar-amended sand columns or conventional biofilter columns. This
suggests that biochar amendment may enhance removal of nutrients as well as TOrCs.
5.2 Outcomes and Significance
Several outcomes from the first phase of dissertation work (Chapter 2) wil have significant
implications for stormwater management practices. A simple methodology was developed to
84
screen biochars for their effectiveness for TOrC sorption, potentially providing practition-
ers with a simple protocol for biochar selection, in light of the wide variability of biochar
properties. Further, a forward-prediction model for TOrC transport in biochar-amended
media was calibrated and verified. This model may be broadly applied as a tool to design
infiltration systems for effective TOrC removal under diverse operating conditions, as cal-
ibration requires only data from simple batch experiments. Model simulations predicted
TOrC breakthrough times on the order of years for full-scale biochar-amended infiltration
systems, indicating that adequate media lifetimes may be achievable, even when biological
removal processes are less prominent (i.e., in biochar-amended sand filters without bioreten-
tion media). However, this also implied that TOrC removal could potentially still limit the
system lifetime, as conventional biofilter lifetimes are limited to 10-15 years by accumulation
of non-degradable metals [Davis et al., 2003]. This brought to light the potential benefits of
biofilters over simple sand infiltration systems, as biological activity stimulated by vegetation
and organic carbon amendments in biofilters could potentially limit TOrC accumulation by
promoting biodegradation.
Further efforts were undertaken to determine if biological processes could contribute to
TOrC removal in biofilters (Chapter 3), as the operating conditions experienced by biofilters
could potentially limit both abiotic and biotic TOrC removal. This study revealed TOrC
improved removal in biologically active columns relative to biologically inhibited columns,
even in the presences of low residence times and fouling by DOC. This implied that biodegra-
dation may indeed contribute to TOrC removal biochar-amended biofilters, potentially pre-
venting TOrC accumulation and extending media lifetime. Further, compost was identified
as a superior biodegradable organic carbon source to straw, possibly because it provided
carbon-limited growth conditions that were favorable for sustaining TOrC-degrading bacte-
ria. Compost is an attractive carbon source because it can be used in bioretention media
for vegetated systems, allowing the potential for further enhanced TOrC biodegradation in
the root zone [Lefevre et al., 2013]. However, compost amendment is sometimes considered
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undesirable because it can leach nutrients and metals [Mullane et al., 2015]. This brought
to light the potential advantages of a layered treatment system: a lower biochar-amended
layer could potentially remove undesirable contaminants leached from compost, allowing the
application of biofilters without concern for leaching of additional contaminants. However,
fouling by DOC leached from the bioretention media and intermittent flow conditions still
cast uncertainty on their potential effectiveness of such systems at larger scales.
Intermittent flow column experiments were conducted to address these remaining uncer-
tainties in the performance of layered, biochar-amended biofilters (Chapter 4). The most
remarkable outcome of this study was the observation that biochar amendment significantly
improved TOrC removal, even in planted systems where the upper layer of bioretention me-
dia presumably caused fouling. These results indicated that TOrC removal could potentially
be maintained for several years in full-scale biochar-amended systems, suggesting that signif-
icant biodegradation may be achieved for TOrCs with biodegradation half lives on the order
of months to years, thus preventing accumulation and prolonging media lifetime. Overall,
these results imply that the lifetime of such systems may be limited by non-degradable met-
als rather than TOrCs. Further, this study revealed that biochar may improve contaminant
removal biofilters more broadly. In particular, the observation of especially strong nitrate
removal in biochar-amended biofilters suggests that biochar amendment may enhance den-
itrification in biofilters, leading to reduced nitrate discharges and nitrous oxide emissions.
Overall, the findings of this dissertation motivate efforts to monitor contaminant removal
performance in full-scale biochar-amended biofilters, and are a step towards informing reg-
ulatory efforts that shift stormwater management practices to better protect urban water
quality.
5.3 Broader Implications
As uncertainties in performance and cost have prevented the widespread adoption of
LID systems, the outcomes of this dissertation have significant implications for efforts to
mitigate urban impacts on receiving water quality. A new technology for improved TOrC
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removal during distributed stormwater treatment has been developed from the conceptual
phase; beginning with an evaluation of the physical phenomena driving system performance,
and concluding with the validation of system performance under intermittent flow conditions.
Experimental and modeling methodologies that can aid in design efforts have been developed,
and the versatility and relative simplicity of these methods enable them to be broadly adapted
by industry and municipalities. However, cost or regulatory incentives will be necessary to
incite broader implementation of this technology. Modification of existing biofilter designs
may be relatively cost-effective: the estimated cost for the 4.8 tonnes of biochar necessary to
amend a 100 m2 basin is approximately ✩1200 [Ulrich et al., 2015], relative to an estimated
overall materials cost of approximately ✩15,000 for a conventional bioinfiltration system of
the same size [Erickson et al., 2007]. While there are currently no regulatory incentives to
incur these additional materials costs solely to reduce TOrC discharges, biochar-amended
biofilters could potentially be applied to meet more immediately pressing removal targets
for nutrients, metals, and bacteria. Nevertheless, the TOrC removal data provided in this
dissertation may enable practitioners to pro-actively design systems for TOrC removal as
well, and potentially enable policy-makers to set obtainable limits for TOrC discharges.
The outcomes of this dissertation may also have more broadly reaching societal impli-
cations. In particular, LID systems allow increased access to urban green space, which
provides significant cultural and public health benefits [Young, 2010]. Wider application
of LID systems would have especially profound implications for economically disadvantaged
communities, for which urban green space has been historically less accessible [Wendel et al.,
2011]. Further, biochar-amended biofilters are uniquely well-suited for more distributed gov-
ernance approaches, which have been recommended to encourage the broader adaption of LID
stormwater management practices [Brown, 2005]. As biochar can be produced locally from
waste biomass [Miller-Robbie et al., 2015], construction efforts may bring about partnerships
between local biochar producers, waste collection agencies, and stormwater practitioners.
Such a community-based approach may improve awareness and perception of stormwater
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infrastructure, potentially sparking increased stakeholder engagement in stormwater man-
agement practices [Dhakal & Chevalier, 2016], and more responsible landscaping practices
by individual community members [Persaud et al., 2016].
Finally, the findings of this dissertation have implications for environmental sustainability
that reach beyond water quality. In particular, as biochar ’fixes’ carbon that would other-
wise decay to carbon dioxide into a recalcitrant form [Lehmann et al., 2006], production of
biochar for use as a media amendment (i.e., not combusting it for energy) can contribute
to reductions in greenhouse gas emissions. Moreover, the energy produced from renewable
materials during biochar production could offset demands for energy from coal-based power
plants. This practice could be particularly useful for applications that require energy for
on-site heating applications (e.g., drying municipal biosolids [Miller-Robbie et al., 2015]).
Therefore, the outcomes of this dissertation could potentially spark community-based urban
stormwater management practices that achieve multiple environmental sustainability goals
simultaneously, including improved water quality, production of renewable energy, and se-
questration of carbon [Laird, 2008]. However, the work does not end here, and additional
work should address potential trade-offs to determine how the benefits of biochar amendment
can be optimized in stormwater biofilters [Jeffery et al., 2015].
5.4 Recommendations for Future Directions
Further assess system performance for removal of a broader range of contaminants. While
biochar showed promise for improved removal of nutrients, metals, and indicator bacteria
in intermittent flow columns, experiments designed with the goal of more comprehensively
assessing removal of these contaminants would provide additional valuable insight. In par-
ticular, in light of the sensitivity of denitrifiction processes to temperature and moisture, it
would be interesting to determine under what conditions that nitrate removal can be main-
tained. Further, efforts should be undertaken to evaluate system performance in presence
of more representative influent loadings of metals and indicator bacteria, as the benefits
of biochar amendment may be more evident under such conditions. Additional data pro-
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vided from such studies may enable quantitative predictions of watershed-scale water quality
improvements obtainable through application of biochar-amended biofilters, potentially mo-
tivating cities to include these systems in their stormwater management plans.
Plan, construct, and monitor full-scale systems. Additional barriers still remain to the
application of full-scale biochar-amended biofilters. For example, biochar amendment may
complicate biofilter construction, and the additional costs of these efforts are uncertain.
Therefore, additional work should initially focus on making plans for full-scale systems and
predicting additional construction costs. Further, the actual lifetime of full-scale systems
for TOrC removal is still uncertain, and it is possible that channeling and fouling effects
are more detrimental at larger scales. Therefore, additional efforts should be undertaken
to construct full-scale systems and monitor them for TOrC removal throughout the entire
system lifetime, such that performance indicators that indicate media exhaustion can be
identified.
Assess the potential benefits of biochar more broadly. The comprehensive environmental
sustainability benefits of biochar-amended biofilters may potentially be extended to other
current or future applications for biochar, such as amendment of agricultural fields and
drinking water treatment. For example, while AC is used for drinking water treatment due
to it’s performance consistency, the framework for predicting TOrC removal from simple ex-
periments described in this dissertation may make biochar a feasible and more cost-effective
alternative to AC. Future work on this application should focus on validation of performance
under representative conditions, and establishment of protocols for biochar selection. Fur-
ther, as concerns have been raised for TOrC uptake in edible food crops that are irrigated
with reclaimed wastewater [Blaine et al., 2014; Hyland et al., 2015], biochar amendment of
agricultural fields could potentially reduce uptake by immobilizing and degrading TOrCs
within the soil. Moreover, amendment of agricultural fields with biochar is already widely
practiced to improve soil fertility and mitigate greenhouse gas emissions [Lehmann et al.,
2006], providing opportunities for field-scale studies. Data from such studies may inform
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efforts to identify and quantify potential benefits on a larger scale, such as life cycle assess-
ments or contaminant fate and transport studies. These efforts could potentially bring to
light the ’big picture’ benefits that biochar can bring to water quality, energy, and climate
on a global scale.
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Beesley, Luke, Moreno-Jiménez, Eduardo, & Gomez-Eyles, Jose L. 2010. Effects of biochar
and greenwaste compost amendments on mobility, bioavailability and toxicity of inor-
ganic and organic contaminants in a multi-element polluted soil. Environmental pollution
(Barking, Essex : 1987), 158(6), 2282–7.
91
Bellas, Juan, Beiras, Ricardo, Mariño-Balsa, José Carlos, & Fernández, Nuria. 2005. Toxicity
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APPENDIX A - SUPPORTING INFORMATION FOR CHAPTER 2
A.1 Equations
Equation A.1 Langmuir isotherm model equation, where Cs is the TOrC concentration on
the solid BC [g/g], Kl is the Langmuir coefficient [cm
3/g], Cw is the TOrC concentration






Equation A.2 Freundlich isotherm model equation, where KF is the Freundlich coefficient




Equation A.3 Fitting equation for the sorption-retarded diffusion kinetic model, fit to the






















In this equation, msorbed is the mass of contaminant sorbed [g], mtot is the mass of con-
taminant sorbed at equilibrium [g], R is the biochar particle radius [cm], t is the elapsed time
[s], and Dapp the apparent intraparticle diffusion coefficient [cm
2/s], pBC is BC intraparticle
porosity [-], dBC is BC solid density [g/cm
3], Kd is the linear partition coefficient [L/kg],
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τ is the intraparticle tortuosity [-], and Dw is the aqueous phase TOrC diffusion coefficient
[cm2/s], MW is the compound’s molecular weight [g/mol] [Hayduk & Laudie, 1974]. These
equations were fit to the batch kinetic data by adjusting τ to minimize the sum of squared
residuals (SSR).
Equation A.4 Estimated first-order TOrC mass transfer rate between column water and BC,




(1− θw − θsand)(1− pBC)dBCKd (A.4)
In this equation, Dapp is the apparent intraparticle diffusion coefficient [cm
2/s], shown
in Equation S3, θw and θsand [-] are the volumetric fractions of the column filled with water
and sand, respectively.










fmob = [1 +




In this equation, Cw is the aqueous TOrC concentration in between the sand and BC
particles [g/cm3], t is the time [s], x is the distance along the column [cm], Edisp is the
dispersion coefficient [cm2/s], µx is the porewater velocity [cm/s], and fmob is the TOrC
mass fraction in the aqueous phase in between the sand and BC particles [-], pBC is BC
intraparticle porosity [-], dBC is BC solid density [g/cm
3], θw is the measured column porosity
[-], and Kd is the linear water-BC partition coefficient [L/kg] [Werner et al., 2012a].
Equation A.6 Partial differential equations for Model II, assuming first-order sorption kinet-
ics, where Cs is the concentration of TOrCs sorbed to BC particles [g/g] and β is estimated
according to Equation A.4 [1/s] [Werner et al., 2012a]. Note that this first-order sorption



























Equation A.7 Partial differential equation for Model III, assuming intraparticle diffusion-































In this equation, R is the BC particle radius [cm], r is the distance along the BC particle
radius [cm], and S is the volumetric TOrC concentration in the BC particles [g/cm3], Cw,bc
[g/cm3] is the TOrC concentration in biochar intraparticle pore water, Dapp is the apparent
diffusion coefficient [cm2/s], defined as described in Equation A.3.
Equation A.8: Modified equations in Model IV, which assumes intraparticle diffusion-limited
sorption kinetics and Langmuir sorption. S and Dapp were replaced in Model III (Equation
A.7) by the following equations:
S = (1− PBC)dBC
KlCw,BCCs,max
1 +KlCw,BC
+ pBCCw,BC , where
Dapp =
DwpBC
τ [(1− pBC)dBCKlCs,max(1 +Klcw,BC)−2 + pBC
]
(A.8)
In this equation, S is the volumetric TOrC concentration in the BC particles, Kl is
the Langmuir coefficient [cm3/g] and Cs,max is the maximum BC TOrC concentration [g/g],
and Dapp is the apparent diffusion coefficient [cm
2/s], which now depends on the TOrC
concentration in the BC intraparticle porewater.
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A.2 Methods
Method A1 Details on general methodology for batch experiments.
The sodium azide concentration was reduced from 500 mg/L for screening experiments
to 200 mg/L for model calibration experiments because the lower concentration sufficiently
inhibited activity. Bottles were sonicated at 60➦C for 1 hour to degas BC pores prior to
being shaken overnight to pre-equilibrate the BC with DOC. Samples for LC-MS/MS were
collected for TOrC analysis following a settling period of at least 1 hour, which removed all
visible particles, such that minimal effects of BC particles on surrogate concentration are
expected. Only samples with at least 20% surrogate recovery are reported, though greater
than 60% was achieved in most cases. Kd values for fipronil and 2,4-D were corrected for
sorption to the bottle because less than 95% recovery was observed in controls without BC
(Calculation A1). No corrections were made for volatile TOrC losses, as TOrC recoveries in
controls with and without 50 mL headspace were within experimental error. Final pH values
did not vary significantly between sets of triplicate measurements (p ≥ 0.65 for pairwise
comparisons, 7.86 ± 0.4 overall), and indicated that benzotriazole (pKa 8.2) was partially
ionized in batch experiments (ionized fraction 0.30 ± 0.14).
Method A2 Methodology for falling head tests and calculation of saturated hydraulic con-
ductivity.
The loss of hydraulic conductivity relative to sand due to amendment with BC was
determined in falling head tests. MCG-biochar and F300-AC were sieved to obtain parti-
cle sizes between 124 µm and 246 µm, and rinsed with deionized water to remove small
aggregated particles. The air-dried BC was mixed into the standard sand (210 – 297 µm
particle diameter) at 5 wt%, such that hydraulic conductivity loss due to the presence of
smaller BC particles could be assessed. The sand-BC mixture was packed into a 20 cm long
5 cm I.D. PVC pipe, which was secured with rubber stoppers at both ends. The mixture
was dry-packed to prevent heterogeneous particle distributions due floating BC particles,
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and was saturated by first flushing with CO2 and then at least 5 pore volumes of deionized
water. A clear plastic tube extending from the stopper at top of the pipe allowed obser-
vation of hydraulic head change over time. To calculate hydraulic conductivity, the change
in hydraulic head was measured at three times (10, 15, and 20 seconds) as the saturated









In this equation, Ksat is the saturated hydraulic conductivity [cm/s], a is the cross
sectional area of the pipe [cm2], L is the length of the pipe [cm], t is the elapsed time [s],
h0 is the initial hydraulic head [cm], and ht is the head at the elapsed time [s]. Head loss
over time was evaluated three times for each test, and each of the mixtures (sand, sand/AC,
and sand/MCG-biochar) were prepared, packed, and assessed in triplicate tests (nine tests
total). The results from these tests are shown in Table A.1. The loss of Ksat relative to sand
was significantly greater when dosed with 5 wt% biochar compared to 5 wt% AC, because
the volume fraction of AC present was much lower.
Table A.1 Results from falling head tests to determine saturated hydraulic conductivity
(Ksat), where Fw,BC and Vw,BC are the weight and volume fractions of BC in the sand-BC
mixture, respectively. The values for MCG-biochar are similar to previously reported values
for biochar [Barnes et al., 2014].
Material Fw,BC Vw,BC Ksat [cm/s] % Decrease from Ksat,sand
Sand - - 0.063 ➧ 0.015 -
Sand + F300-AC 0.05 0.053 0.045 ➧ 0.005 29%
Sand+ MCG-biochar 0.05 0.420 0.0058 ➧ 0.0005 91%
A.3 Calculations
Calculation A1 Kd calculation and correction for TOrC sorption to bottle. Equation A.10









In this equation, Cs is the TOrC concentration on the solid [µg/kg], Vw is the water
volume [L], Ms is the mass of solid [kg], and Cw and Cw,0 are the measured and initial
aqueous TOrC concentrations, respectively [µg/L]. Equation A.11 was used to calculate Kd
when sorption losses to the bottle were significant (fipronil and 2,4-D):
fw =
1












In this equation, KBot is the partition coefficient to describe sorption of TOrCs from
water to the surface of the bottle [L/m2], ABot is the surface area of the bottle [m
2], and fw





The term KBot(ABot/Vw), assumed constant for a given TOrC for all batch experiments












Calculation A2 Estimated dependence of saturated hydraulic conductivity (Ksat) on BC
dose.
For this calculation, the following assumptions were made:
❼ Ksat decreases linearly with increasing wt% of BC.
❼ The % decrease in Ksat for any given BC volume % will be the same for the standard
laboratory sand used in falling head tests as for the sand used as the base mixture in
an infiltration basin, if similar relative particle sizes are used.
The behavior in the first assumption has been observed previously [Ulrich et al., 2015],
and the second assumption was made based on comparison of the data in Table A.8 to the
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data from the previous study. Equations A.14 and A.15 were used to estimate the dependence












In this equation, mK−F is the slope of the line describing how the percent decrease in
Ksat changes with BC dose. The data from Table A.8 was used in Equation A.14, and the
wt% BC was varied to estimate the change in KIB(sat,sand) for the case study. An estimate of
10 in/hr was used for KIB(sat,sand) for all simulations [Freeze & Cherry, 1979].
Calculation A3 Calculation of unsaturated hydraulic conductivity in simulated infiltration
basin (KIBunsat).
For this calculation, the following assumptions were made:
❼ The effect of texture on KIBunsat can be approximated using the pore-size distribution
index (b) values reported by Clapp and Hornberger [Clapp & Hornberger, 1978]; where
bAC can be approximated as the index for loamy sand (4.38), and bbiochar can be
approximated as the index for sandy loam (4.90).
❼ The parameter b increases linearly from bsand (4.05) to bBC as the wt% of BC is increased
from 0% to the maximum dose (where there is a 90% loss of Ksat, at 5% for biochar
and 15% for AC).
The estimations for the first assumption were made by comparing the experimental
Ksat for the 5 wt% BC mixture to those reported for different types of soils. The observed
Ksat for the maximum biochar dose (0.0058 cm/s) was most similar to the Ksat for sandy
loam (0.0035 cm/s), and the estimated Ksat for the maximum AC dose (0.0082 cm/s) was
most similar to the Ksat for loamy sand (0.0156 cm/s) [Clapp & Hornberger, 1978]. The
second assumption was made to account for the increasing texture of the sand-BC mixture
as the BC dose is increased.
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KIBunsat was estimated using power law equations from Campbell et al. as described in








In this equation, S is saturation fraction and bBC is a function of F
IB
w,BC which increases







w,BC + bsand (A.18)
In these equations, mb−F is the slope of the line describing the relationship between
b and BC dose. A complete summary of parameters used for the case study simulation is
shown in Table S12.
Calculation A4 Determination of simulated infiltration basin size for a water quality event
(80th percentile storm).
The simulated infiltration basin was sized according to best management practices
recommended by the Denver Urban Drainage and Flood Control District (UDFCD) for a
site with the following characteristics [UDFCD, 2010]:
❼ A residential neighborhood with mostly 3000 ft2 two-story houses and a home density
of 3 units/acre.
❼ A 3 acre catchment area (Acatch) with an impervious ratio of 0.4 (RI) and a fraction
of receiving permeable area of 0.5 (fRPA), required to be drained within 12 hours.
Thus the minimum infiltration basin area to maintain a less than 1 ft ponding depth
(Dpond) was calculated according Equations A.19 - A.22:
RI,A = RIDpond/(DpondRI + fRPA) = 0.44 (A.19)
WQCV = a(0.91R3I,A − 1.19R
2











= 1112 ft2 (A.22)
In these equations, RI ,A is the area-weighted RI , WQCV is the water quality capture
volume, a is the drainage-time coefficient (0.8 for 12 hours), Vstorage is the storage volume
of the infiltration basin, and AIB is the area of the infiltration basin.
Calculation A5 Estimation of pore volumes treated in infiltration basin annually (Vpore,annual).
For this calculation, the following approximations were made:
❼ The 3 acre catchment receives 16 in of precipitation annually (4 acre-ft total precipi-
tation volume), as was reported for Denver in 2013.
❼ The infiltration basin receives 50% of the catchment’s total precipitation volume (2
acre-ft total treatment volume, Vtreat,annual).
❼ The infiltration basin has a porosity (n) of 0.4 and a bed depth (DIB) of either 1 ft or
3 ft.
Thus, the pore volume was calculated using Equations A.23 and A.24:
Vpore,biofilter = AIB,minDbiofiltern (A.23)
Vpore,annual = Vtreat,annual/Vpore,biofilter (A.24)




Figure A.1 Best-fits of the sorption-retarded intraparticle diffusion kinetic model (Equation
A.3) to the batch kinetic data. Sorption kinetics were evaluated with 10 and 30 mg/L DOC
for MCG-biochar, and at 10 mg/L DOC for F300-AC and BN-biochar. The fit LogKd,eq
is shown for the cases where both tortuosity and LogKd,eq were fit (batches that did not
reach equilibrium). The resulting values for tortuosity and sum of squared residuals (SSR)
are shown in Table 2.1 and Table A.11.
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Figure A.2 Best-fits (solid lines) of the Langmuir isotherm (Equation A.1) to data for the
sorption of TOrCs to the three BCs in representative synthetic stormwater with 30 mg/L
DOC after equilibration for 67 days (markers). The isotherms span different ranges because
only points with an fsorbed between 90 – 20% were included in the isotherm fit. The resulting
Langmuir parameters and residual mean squared error (RMSE) values are shown in Table
1. The dotted lines indicate the 95% confidence interval.
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Figure A.3 Model predictions using mean parameter values and pulsed column results for
TOrC transport in sand amended with 1.0 wt% BN-biochar and 0.2 wt% MCG-biochar.
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Figure A.4 Monte Carlo uncertainty analysis results for Model IV (Langmuir, diffusion-
limtied) for MCG-biochar columns for (A) atrazine calibrated using tortuosity values ob-
tained from batches with 10 mg/L DOC and with (B) 30 mg/L DOC, and for (C) TCPP,
calibrated using tortuosity values obtained at 10 mg/L DOC and (D) 30 mg/L DOC. Tor-
tuosities obtained from batches at 30 mg/L DOC gave improved predictions for TOrC sorp-
tion to MCG-biochar for atrazine, prometon, and benzotriazole, but not for TCPP. Thus for
sorption of atrazine, prometon, and benzotriazole to MCG-biochar, tortuosity values were
obtained from batches with 30 mg/L DOC (shown in Figure 2.5), and all other tortuosity
values were obtained from batches with 10 mg/L DOC (shown in Figure 2.5, Figure A.5 -
Figure A.9.
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Figure A.5 Results for Monte Carlo uncertainty analysis for predictions of prometon break-
through curves in MCG-biochar columns using Models III (A) and IV (B).
Figure A.6 Results for Monte Carlo uncertainty analysis for predictions of atrazine break-
through curves in BN-biochar columns using Models III (A) and IV (B).
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Figure A.7 Results for Monte Carlo uncertainty analysis for predictions of benzotriazole
breakthrough curves in BN-biochar columns using Models III (A) and IV (B).
Figure A.8 Results for Monte Carlo uncertainty analysis for predictions of prometon break-
through curves in BN-biochar columns using Models III (A) and IV (B).
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Figure A.9 Results for Monte Carlo uncertainty analysis for predictions of prometon break-
through curves in BN-biochar columns using Models III (A) and IV (B).
A.5 Tables
Table A.2 Production and surface characteristics for all BCs evaluated. Surface charac-
teristics are shown for BCs with dpart less than 246 µm, and when available for dpart be-
tween 53 and 246 µm (italic). Standard deviations for triplicate measurements are shown in
parentheses. F300-AC, MCG-biochar, and BN-biochar were evaluated in all batch experi-
ments (including isotherm and kinetic calibration experiments) while the remaining BCs were
only evaluated in batch screening experiments. SFP-biochar, BEC-biochar, BS1W-biochar,
NREL-biochar, and R-AC were evaluated in screening tests with and without DOC, while



















































































































































































































































































Table A.3 Elemental composition (% dry mass) of BCs used in model verification experi-
ments. Ultimate (ash, S, C, H, N, and O composition) and proximate (volatile matter and
fixed C) elemental analyses were carried out by Hazen Research Inc. (Golden, CO).
BC Ash S C H N O Volatile
matter
Fixed C
F300-AC 6.44 0.718 87.37 0.17 0.72 4.59 2.86 90.69
MCG-biochar 15.70 0.064 78.19 0.38 0.23 5.43 8.67 75.63
BN-biochar 4.28 0.140 83.38 2.18 0.13 9.89 13.43 82.29
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Table A.4 Chemical properties and native and surrogate standard sources for representa-














































































Table A.5 Ionization parameters and retention times (RTs) for LC-MS/MS method (*































































51 3 12 33 4 8.05
TCPP + 329.036 99.1
297.03/
232.2
31 7 12 35 4 8.24
Table A.6 Ion composition of clean synthetic stormwater, which was prepared from deionized













+ 1.3 H2PO4 1.6
SO4
2- 31.7 Total P 0.50
Total N 2.0 Total S 0.33
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Table A.7 Concentrations of major components (>0.1 mg/L) in the representative synthetic
stormwater, as determined by inductively coupled plasma mass spectrometry (ICP-MS).
Constituent
Isotherm & kinetic experiments
(mg/L)
Column experiments (mg/L)
DOC 10.0 or 30.0 (Sievers TOC Analyzer) 10.0
Ca 2+ 48.4 35.9
Fe 0.3 0.1
K + 26.6 8.5
Mg 2+ 12.1 5.1




Table A.8 Comparison of RMSE values for fits of the Langmuir and Freundlich isotherms to
experimental Cs [g/kg] from the batch isotherm data. The RMSE values for the Langmuir
isotherm were equivalent to or lower than for the for the Freundlich isotherm for all cases.
BN-biochar MCG-biochar F300-AC
Langmuir Freundlich Langmuir Freundlich Langmuir Freundlich
Atrazine 0.010 0.013 0.087 0.193 0.525 0.766
Benzotriazole 0.010 0.023 0.083 0.212 0.371 0.563
Prometon 0.012 0.012 0.073 0.075 0.414 0.424
TCPP 0.014 0.016 0.116 0.143 0.619 0.628
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Table A.9 Batch screening results (5-day LogKd) for the 8 BCs evaluated in “clean” and
“standard” synthetic stormwater (20 mg/L SRNOM). A (-) is shown where less than 20%







F300 Clean 6.60 7.18 6.90 7.86 7.22 7.89 7.19
(0.30) (0.46) (0.91) (0.40) (0.61) (0.07) (0.32)
Standard 4.57 5.74 5.85 5.70 6.05 5.83 5.75
(0.04) (0.08) (0.09) (0.07) (0.01) (0.02) (0.09)
MCG Clean 6.12 6.58 6.42 6.70 6.87 6.66 6.53
(0.26) (0.56) (0.23) (0.80) (0.39) (0.52) (0.42)
Standard 4.95 5.87 5.75 6.18 5.92 5.89 5.67
(0.10) (0.20) (0.22) (0.35) (0.25) (0.29) (0.19)
SFP Clean 5.05 5.57 6.27 6.58 5.78 6.25 5.29
(0.51) (0.60) (0.28) (0.30) (0.80) (1.19) (0.69)
Standard 4.04 4.30 5.81 5.89 4.26 3.95 3.72
(0.01) (0.03) (0.07) (0.13) (0.06) (0.11) (0.04)
NREL Clean 4.63 5.40 5.10 5.99 6.65 6.26 5.67
(0.17) (0.22) (0.15) (0.12) (0.21) (0.11) (0.25)
Standard 2.41 4.40 4.68 5.10 4.88 4.67 4.38
(0.27) (0.16) (0.15) (0.21) (0.09) (0.12) (0.20)
BN Clean - 4.69 4.75 5.99 5.44 5.51 4.64
- (0.25) (0.21) (0.11) (0.08) (0.08) (0.32)
Standard - 3.80 4.34 4.76 4.11 4.00 3.57
- (0.05) (0.10) (0.23) (0.06) (0.13) (0.13)
BEC Clean - 3.76 4.18 4.78 4.59 4.75 3.53
- (0.10) (0.06) (0.08) (0.08) (0.11) (0.16)
Standard - 3.70 4.38 4.51 3.93 3.71 3.29
- (0.10) (0.11) (0.12) (0.09) (0.16) (0.15)
BS1W Clean - 5.70 4.88 6.66 5.87 5.70 5.21
- (0.36) (0.02) (0.33) (0.44) (0.25) (0.26)
Standard 4.21 5.08 5.08 6.04 4.74 5.67 4.87
(0.31) (0.14) (0.14) (0.05) (0.13) (0.08) (0.11)
R-AC Clean 4.33 4.93 6.26 5.78 5.40 4.87 4.64
(0.50) (0.54) (0.75) (0.66) (0.44) (0.38) (0.55)
Standard 4.31 4.81 5.04 5.23 4.70 5.03 4.74
(0.02) (0.02) (0.18) (0.02) (0.05) (0.09) (0.01)
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Table A.10 Pearson p values for correlations between 5-day LogKd from screening experi-
ments and surface characteristics for the 8 BCs evaluated in both “clean” and “standard”
synthetic stormwater (SSW). Significant correlations (p >0.05) are bolded. Significant cor-














Atrazine Clean 0.040 0.008 0.100 0.111
Standard 0.075 0.023 0.141 0.151
Benzo-
triazole
Clean 0.024 0.018 0.043 0.402
Standard 0.050 0.038 0.070 0.446
Diuron Clean 0.034 0.026 0.061 0.385
Standard 0.359 0.247 0.439 0.366
Fipronil Clean 0.110 0.015 0.268 0.013
Standard 0.040 0.003 0.111 0.052
Oryzalin Clean 0.031 0.004 0.091 0.091
Standard 0.147 0.061 0.244 0.158
TCPP Clean 0.048 0.006 0.131 0.055
Standard 0.084 0.022 0.173 0.097
Table A.11 Comparison of tortuosity values for sorption of TOrCs (10 µg/L Cw,0) to MCG-
biochar from kinetic calibration experiments in representative synthetic stormwater contain-







Atrazine 8.2 ➧ 2 17 ➧ 5
Benzotriazole 15 ➧ 5 29 ➧ 9
Prometon 8.6 ➧ 3 16 ➧ 5
TCPP 7.2 ➧ 2 23 ➧ 7
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Table A.12 Comparison of 67-day LogKd values for sorption of TOrCs with a 10 µg/L Cw,0
















4.80 ➧ 0.28 4.71 ➧ 0.03 0.09
Prometon 4.03 ➧ 0.07 3.61 ➧ 0.08 0.42
TCPP 4.07 ➧ 0.17 3.38 ➧ 0.16 0.69





5.40 ➧ 0.02 5.05 ➧ 0.05 0.35
Prometon 5.35 ➧ 0.03 4.64 ➧ 0.06 0.71
TCPP 5.63 ➧ 0.03 4.55 ➧ 0.11 1.08





6.01 ➧ 0.21 5.61 ➧ 0.14 0.4
Prometon 6.13 ➧ 0.30 5.43 ➧ 0.26 0.7
TCPP 6.33 ➧ 0.31 5.34 ➧ 0.39 0.99
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Table A.13 Summary of parameters used for case study simulation, where Cs,max is the
maximum concentration of TOrC on the solid [➭g/kg], Kl is the Langmuir coefficient [L/kg],
s is the fraction of the basin that is saturated [-], Ksat,sand is the saturated hydraulic con-
ductivity of the sand base of the infiltration media [cm/s], and the coefficients m and b are
defined as described in Calculations A2 – A5. To approximate fouling effects, Cs,max and Kl
were decreased by 50% and tortuosity was doubled from experimental values.
Parameter MCG-biochar F300-AC
Tortuosity [-] 34 184
Cs,max [µg/kg] 5.70x10
6 3.26x107
Kl [L/kg] 0.072 0.049
BC Solid Density [g/cm3] 1.7 2.1
BC Particle Diameter [mm] 1 1
mK-F [cm/s] 0.18 0.058
mb-F [cm/s] 17.0 6.6
bBC [-] 4.90 4.38
bsand [-] 4.05 4.05
s [-] 0.9 0.9
Ksat,sand [cm/s] 0.0071 0.0071
Dispersivity [mm] 2 2
Porosity [-] 0.4 0.4
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APPENDIX B - SUPPORTING INFORMATION FOR CHAPTER 3
B.1 Experimental
Method B1 Analysis of trace organic contaminants (TOrCs) by liquid chromatography tan-
dem mass spectrometry (LC-MS/MS).
TOrCs were separated on a 50 x 3.0 mm Luna C18 column with a 3 ➭m particle size
(Phenomenex), using a gradient elution method with an overall flow rate of 0.4 mL/min
and methanol as the organic solvent (adapted from a previously described method).1 TOrCs
were analyzed by electrospray ionization (ESI) in positive or negative mode using a 3200
QTrap MS/MS (AB Sciex). The ESI positive eluent contained 2 mM ammonium formate
and 0.1 vol% formic acid, and the ESI negative eluent contained 4 mM ammonium acetate.
Isotope dilution was carried out to account for matrix effects and losses during sample
preparation (10% sample dilution, final surrogate concentration 0.4 ➭g/L). Standards for
native compounds and isotope surrogates are listed in Table B.1, and electrospray ionization
parameters are listed in Table B.2.
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Table B.1 Abbreviations and standard sources for native TOrCs and their isotope surrogates
analyzed by LC-MS/MS.
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Table B.2 Electrospray ionization parameters for all analytes. For each parent ion (Q1), the
transition for first product ion (Q3) listed was used for quantitation, and the transition for
the second product ion was used for confirmation when possible.
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Table B.3 Ion composition of synthetic stormwater (preparation described elsewhere) [Ulrich
et al., 2015].
Figure B.1 (A) Dissolved oxygen, (B) optical density, and (C) nitrate concentration in mi-
crocosms following the TOrC spike.
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Table B.4 Elemental composition of microcosm media post-incubation in mg/L, as deter-
mined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) of sacrificed
microcosm media (BDL = below detection limit, 0.001 mg/L).
137
Table B.5 Dissolved organic carbon (DOC) concentrations in microcosms after 76 days.
Standard deviations for the five replicate biologically inhibited microcosms are shown in
parentheses. Individual replicates are shown for biotic microcosms because DOC concentra-
tions were less consistent than for biologically inhibited controls. The DOC in raw runoff
microcosms was due to the methanol from the TOrC carrier solution.
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Method B2 Preparation of column seeding solutions.
Growth media for seeding solutions were prepared as described for the microcosm ex-
periments, except DOC solutions were not diluted and used as is following filtration. Initial
growth curve experiments were carried out to determine the time required and optical den-
sity (OD) expected for the exponential growth phase for each growth media. For these
initial experiments, 500 mL Erlenmeyer flasks containing 100 mL autoclaved DOC extract
were inoculated with 5 mL of a sediment-runoff slurry (collected and equilibrated as de-
scribed for microcosm experiments following an August 2015 rain event), then aerobically
incubated at 30 ➦C on a shaker table in the dark. Growth occurred more quickly with straw
DOC than compost DOC (Figure B.2), with exponential growth appearing to occur after
approximately 16 hours or 7 days, respectively. Cultures for the seeding solutions were pre-
pared over three successive inoculation-incubation cycles. Initial cultures were prepared as
described for growth curve experiments, from each of which a 5 mL aliquot was removed dur-
ing the exponential growth phase (indicated by O.D. of approximately 0.7 for straw media
and 1.2 for compost media) and transferred to a second flask to inoculate 100 mL autoclaved
growth media. Once the second culture reached the exponential growth phase, the entire
100 mL of media was transferred into a 2000 mL Erlenmeyer flask containing 500 mL of
autoclaved growth media. The final cultures were incubated again until they reached expo-
nential growth, then immediately introduced into columns as described in the main article.
A 2 mL aliquot of each seeding solution was centrifuged and decanted, and the sediment was
stored at -80 ➦C for later DNA extraction and sequencing. While this method enabled quick
generation of concentrated, active cultures, it also may have potentially allowed selection for
faster-growing bacteria.
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Figure B.2 Initial growth curve experiments for (A) compost DOC and (B) straw DOC.
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Figure B.3 Bar charts showing relative abundances of operational taxonomic units (OTUs)
at the family level for column seeding solutions.
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Figure B.4 Dissolved oxygen (DO) in effluents for compost and straw DOC columns with




Table B.6 Percent of each TOrC biodegraded in individual microcosms monitored for TOrCs
(R = Raw Runoff, S = Straw, C = Compost). Microcosms selected for sequencing are marked
with an asterisk, and the outlier raw runoff microcosm is shown in bold. One sacrificed
microcosm that was not monitored for TOrCs was sequenced for each condition, such that
further biodegradation could be monitored in the remaining three replicate microcosms if
necessary.
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Figure B.5 Concentrations of (A) oryzalin, (B) benzotriazole, (C) atrazine, (D) prometon,
(E) fipronil, and (F) diuron in biologically inhibited microcosms.
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Table B.7 Mass balance error for atrazine, fipronil, diuron and their measured transformation
products (the final percent error accounts for differences in initial concentration).
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Figure B.6 Averaged fraction of each TOrC biodegraded in microcosms, calculated as the
difference in TOrC concentrations between the biotic microcosms and the raw runoff bio-
logically inhibited controls. Error bars show the standard deviation of five replicate biotic
microcosms. The outlier raw runoff microcosm is shown by markers.
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Figure B.7 Concentrations of the transformation products (A) hydroxyatrazine, (B) deiso-
propylatrazine, (C) fipronil sulfone, (D) fipronil sulfide, (E) DCPMU, and (F) dichloroaniline
in biotic (solid lines) and inactivated (dotted lines) microcosms.
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Figure B.8 Unique behavior of fipronil (A) and benzotriazole (B) in outlier raw runoff micro-
cosm. The mass balance for fipronil was not closed until the appearance of fipronil sulfide,
suggesting the initial formation of an initial transformation product.
Figure B.9 Dendrogram showing similarities between microbial communities in compost DOC
(CB), straw DOC (SB), and raw runoff (RB) microcosms (the outlier microcosm is RB-M1).
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Figure B.10 Bar plots showing differences in operational taxonomic unit (OTU) relative
abundances at the family level for compost DOC (C), straw DOC (S), and raw runoff (R)
microcosms.
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Method B3 Evaluation of correlations between TOrC biodegradation and absolute OTU
abundance.
Correlations were evaluated between the cell concentrations of OTUs at the species level
(calculated as relative abundance times total cell concentration, Table B.8) with amount of
TOrCs biodegraded (calculated from the difference between concentrations each biotic micro-
cosm and the average concentration in the unamended inactivated microcosms, Table B.9).
Results (Pearson p-values) for both the Spearman’s rank correlation test and the Pearson
correlation test are shown in Table B.10 and Table B.11, where a p-value<0.05 indicates a
correlation. These results are based on six microcosms (C1, C5, S1, S2, U1, U5), as these
are the only microcosms that were both sequenced and monitored for TOrC degradation.
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Table B.8 Absolute abundance (cells/mL) of select OTUs at the species level, as determined
by multiplaction of OTU relative abundance by the approximate total cells/mL.
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Table B.9 Amount of TOrCs biodegraded after 76 days (➭mol).
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Table B.10 Pearson p values for Spearman’s rank correlation of OTU absolute abundance
and amount of each TOrC biodegraded. Correlations with p<0.05 are shown in bold.
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Table B.11 Pearson p values for correlation of OTU absolute abundance and amount of each
TOrC biodegraded. Correlations with p <0.05 are shown in bold.
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Figure B.11 Breakthrough of (A,B) benzotriazole, (C,D) TCEP, and diuron (E,F) in compost
and sand DOC columns. Benzotriazole was generated, as it was not present in the influent.
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Figure B.12 Percent TOrC removal in columns, as determined by Method of Moments anal-
ysis. Error bars for biotic columns represent standard deviations from averaged values.
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APPENDIX C - SUPPORTING INFORMATION FOR CHAPTER 4
Figure C.1 (A.) Total organic carbon (TOC) influent and effluent concentrations and (B.)
influent-normalized effluent compositions for columns throughout the dosing experiment.
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Figure C.2 Removal (influent-normalized effluent concentration) of (A) benzotriazole, (B)
diuron, (C) prometon, (D) simazine, and (E) fipronil throughout column dosing experiments.
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